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ABSTRACT 


This study is an investigation of the morphology of Hadley Rille 
and its relationship to surrounding structures. 

Hadley Rille is wholly contained within mare basalts and appears 
to have been deflected by pre-mare material. The rille is cut by 
post-mare craters but cuts no post-raare crater, Irregiilar depressions 
at either end of the rille appear volcanic in origin. Thus, rille 
formation appears contemporaneous with mare filling, Rille wall outcrop 
probably represents a series of lava flows. Some debris accumulations 
in the rille are zoned resembling slides on quarry slopes. Others, with- 
out zonation, have an unclear mode of emplacement. Two boulder cate- 
gories are present - light colored, rounded, partly buried boulders and 
dark colored, angular, exposed boulders. The former may be pre-mare 

talus into which the rille has been incised. Boulders in the rille are 

* 

filleted above and undercut below. Thermal creep from intergranular 
adjustments during cyclic solar exposure may produce this effect. 

Ttjenty-eight transverse profiles of the rille indicate that the 
southern section of the rille has a V-shaped profile with mildly con- 
cave limbs and no natural levees, U— shaped or as3nnmetric profiles 
have resulted from post-rille alteration. Asymmetry suggesting slip- 
off slopes is present on small radius comers. The mare surface slope 
is not consistently toward or away from the rille. The high side of 
the mare is not consistently on one side. Although not profiled, the 
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indistinct northern section of the rille appears U-shaped or flat 
bottomed. Volume calculations from profiles adjacent to mountains 
suggest a lunar slope erosion rate less than 35 meters/billion years. 

Structures surrounding the rille are examined to determine their 
effect. Lineament strike directions are compared to computer simu- 
lated directions radial and circumferential to adjacent basins from 
structure locations. Structures in the Imbrium Basin appear related 
to the Serenitatis or Vaporam events. One such structure is the 
depression at the south end of the rille. A statistical comparison of 
structure and rille-segment azimuth frequency distributions indicates 
that structures and rille-segments are related in the north but un- 
related in the south. A fracture density map indicates exceptionally 
high densities in significant locations. 

The length and width of Hadley Rille place it with the largest 
20% of sinuous rllles. Its channel volume of 20 km * corresponds to 
a block 40 km* x 50 km. x 10 meters. The absence of a depositional 
form is therefore significant. The power spectrum and meander wave- 
length are similar to values characteristic of terrestrial rivers, 

Non-parametric statistical tests show that rille width decreases 
northward; that width and depth are directly correlated; that width 
shows abrupt increases followed by gradual tapering to the north; 
that limited segments show a width-asimuth relationship; and that 
increasing curvature of the rille may correlate with Increasing rille 
width 2 km* northward. 
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Hadley RLlle is directly related to the emplacement of mare basalts 
in Palus Putredinis. Existing hypotheses of sinuous rille origin are 
in discord with the cooling behavior of deep lava flows and the strength 
of materials. It is proposed that Hadley Rille is a channel which re- 
turned lava to the southern vent from which it initially extruded and 
that the channel persisted through many episodes of volcanism. This 
view is supported by available topographic information and is in accord 
with the observations of this study. 
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CHAPTER I 


INTRODUCTION 

Prell i r inary PiscussioTi : 

Lunar rilles are long, narrow furrows on the lunar surface. Based 
on their appearance, they can be classed into groups which in reality 
tend to grade into one another. One distinct group has been called the 
sinuous lunar rilles. These have a serpentine aspect in map view which 
is a pattern similar to teinrestrial stream channels. Their presence in 
the lunar environment has consequently been a matter of speculation since 
their discovery. Hadley Rille is perhaps the freshest appear- 

ing sinuous lunar rille. Its proximity to the Apollo-15 landing site has 
made it the most photographed rille at all scales. This report is a study 
in detail of the geomorphology of this spectacular form and a discussion 
of the question of its origin. 

Early observation of lunar rilles . The presence of valley-like 
features on the moon has been known for about 200 years . The first 
observation of lunar rilles was reported by Schroeter (.1787) who identi- 
fied a total of 11 rilles in the period 1787-1801. Subsequent early dis- 
coveries included Lohrman's observations of 75 rilles between 1832 and 

f 

1841. Schmidt, who himself discovered 243 rilles between 1842 and 1865, 
catalogued a total of 425 rilles. He was evidently the first to record 
Hadley Rille. By 1900, over 1000 lunar rilles had been described. 

These discoverers did not note the sinuous nature of any of the 
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rilles, however. Most furrows on the lunar surface, particularly those 
large enough for telescopic observation, are straight or gently curving. 
The photographs of limar models prepared by Nasmyth and Carpenter (1S74) 
show a slight sinuous aspect to the rilles on the Aristarchus Plateau. 
These authors believed the rilles to be structural in origin and did 
not mention the sinuous appearance. In 1893, Pickering made detailed 
observation of the Palus Putredinis region which resulted in an accurate 
sketch (fig. 1-2) of Hadley Rille. This is considerably more detailed 
than some sketches which have followed (for example, Goodacre, 1931) . 
Pickering subsequently observed a number of sinuous rilles and was able 
to make important generalizations about their morphology and occurance. 
Due to limitations emposed by diffraction and air turbulance, Pickering»s 
observations represent about the highest resolution visible from earth. 

Figure 1-2 Sketch reproduced from Pickering (1903). This is the first 
accurate sketch of Hadley Rille. Only the southern }n.l£ is 
portrayed. The remainder is not clearly visible from earth. 
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Definition of Sinuous Lunar Rilles : 

Although, space flight has enormously imporved the quality of data 
concerning lunar rilles, Pickering's initial characterization still serves 
as an adequate general ' description. He ascribes the following character- 
istics; 

1, The sinuous rilles are wider at one end than the other. 

2, The wide end originates in a pear-shaped depression, 

3. The forms are composed of joined, short radius curves which 
impart to them the appearance of river channels. 

4. One end appears higher than the other and the wide end (unlike 
rivers) appears to be the high end. 

Hadley Rille departs from this characterization in that the de- 
pression at the wide end is arcuate, and that it is on a very nearly 
level surface. 

Greeley (1971) has summarized the characteristics of the sinuous 

« 

rilles as we know them from Lunar Orbiter photography as follows: 

1. They appear to originate in irregularly shaped craters or depres- 
sions . 

2. They generally trend do\<n slope. 

3. They have discontinuous channels and cut-off branches. 

4. They are fairly uniform in width or occasionally taper toward 
the terminus , 

5. They are restricted to mare surfaces and appear to be controlled 
by highland or pre-mare topography. 
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6. They form topographic highs along the rille axis. 

Hadley Rille seems to conform to these criteria except for number 6. 

One must also question the use of "origin" and "terminus" to describe 
the ends of the rille. 

Other authors have suggested definition on a quantitative basis. 
El-Baz, F. (1968) suggests that there are four major classes of rilles- 
linear, arcuate, sinuous and complex-and that they can be subclassified 
even further. He suggests that the subclasses can be distinguished by 
determining the sinuosity index, the percentage of curved portions of 
a rille compared to its total length. 


Oberbeck, V. R. et al . (1971) have suggested tliat harmonic analysis, 
specifically, the coefficients of a Fourier sine series, might suffice 
to distinguish different classes of rilles. 


The Problem of Sinuous Lunar Rilles: 


The discovery of the sinuous rilles presented Pickering with the 
yet unanswered problem of how these large river- like features could 
form in an environment with little or no atmosphere. Until 1965, the 
resolution of observations was such that few astronomers were motivated 
to investigate the issue as relatively few of these forms could be recog- 
nized^, and their sinuous nature is barely perceptable on telescopic 
2 

photographs . The general trend of thought seems to have been that the 

^The state of knowledge just prior to Lunar Orbiter flights is 
summarized in Cameron, W.S. (1964) An interpretation of Schroeter*s 
Valley and other Lunar Sinuous Rilles : J.G.R., Vol.69, p. 2423. 

2 

A good telescope photo of this region is found in Alter, D. (1967) 
Pictorial Guide to the Moon , Crowell, New York, p. 98. On p. 142 of this 
voli^e, a telescopic enlargement of the Alpine Valley illustrates the in 
visibility of its central rille which is so obvious on L.O. photos. 
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sinuous rilles are varieties of linear rilles and are structural in 
origin . 

With the advent of Space flight, the realization base come about that 
the sinuous rilles are both numerous and strikingly serpentine. A few 
investigators have made general observations on the geomorphology of the 
rilles (se ch. 2 of this report). A large nuanber of writers have authored 
hypotheses concerning the origin of the rilles which are discussed in 
detail (see ch. 7 of this report) . It is sufficient to note here that 
the hypotheses fall into categories classed according to mode of genesis 
as follows: 

1 . Tectonic movement 

2. Ash flow folloxifing a volcanic eruption 

3. Fluid flow 

a. Water 

b. Water and ice 

c. Water under ice 

d. Lava on the surface 

e. , Lava in lava tubes followed by roof collapse 

4. Fluidization of regolith over a gas fissure 

The most pertinent work concerning the morphology of the Hadley Rille 
and its surroundings is found in the post-mission Apollo-15 preliminary 
science report and in the pre-mission planning for the flight. Prior to 
this report, there has evidently been no detailed geomorphic study of a 
specific lunar rille and its relation to its surroundings, and the problem 
of the origin of these forms remains unresolved. 
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The Purpose of this Study : 

The selection of Palus Putxedinis for the Apollo-15 landing site 
has provided a first hand observation of Hadley Rille. Excellent ground- 
based stereo coverage of several kilometers of the rille is available. 

In addition, this mission was the first to fly with metric mapping and 
panoramic cameras. The metric mapping camera has provided an undistorted 
view of the rille and surroundings as well as topographic control. The 
panoramic camera has produced oblique photographs of the surface with a 
resolution of two meters and less. 

The purpose of this study is to: 

1. Conduct a close qualitative examination of satellite and ground- 
based lunar photographs of Hadley 'Rille and its surroundings . 

2. Make a precise and detailed quantitative examination of the rille 
and associated forms . 

3. Establish statistical, algebraic and graphical relationships 
between measured parameters . 

4. Discuss the genesis of the rille in terms of the relationships 
and observations and establish a most probable mode of origin for this 


sinuous rille. 
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CHAPTER II 

PRIOR WORK IN THE APENNINE-HADL F Y REGION 


Location of the Study Area : 

The location of Hadley Rille is detailed on the four maps, figures 
2-1 to 2-4, which also serve to name various features of the region. 

These maps will serve as a useful reference for the lunar names used in 
this and subsequent chapters . 

Due to the inverting nature of astronomical telescopes, there has 
been some confusion concerning the definition of lunar compass points. 

The most recent trend and the one which will be followed here is as 
follows: The north lunar pole is at the apparent top of the lunar 

disk as seen by an observer (unaided eye] standing in the earth's north- 
ern hemisphere. The east limb is then to the right and the west limb to 
the left. Zero degrees longitude bisects the visible side and otherwise, 
the coordinate system is identical to earth's. 

Lunar Stratigraphic Nomenclature : 

In the last IS years, considerable effort on the part of a nuiinber 
of photogeologists has been devoted to developing a scheme of lunar 
stratigraphy. One apparent advantage on the moon is that impact events 
are essentially instantaneous and form widespread deposits, thus providing 
key beds. Significantly, the first attempt at establishing a lunar 
stratigraphy (Shoemaker and Hackman, 1962) was tied to impact events. 
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Fig. 2-3. Features surrounding Hadley Rille, Overlay to photograph 
15-415 (fig. 1-1) 
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Difficulties in moon-wide correllation arise when units are suf- 
ficiently distant from type areas that no cross-cutting or superposed 
relationships are inferable with units in the type areas, a problem 
frequently recognized on earth. In this situation in lunar stratigraphy, 
secondary criteria such as morphology of superimposed cra-^ers (Soderbloom 
and Lebofsky, 1972) crater density or general surface appearance are used 
for correllation. In the current application of stratigraphic reasoning 
to lunar problems, the secondary criteria seem to have become primary and 
time stratigraphic designations based on surface appearance have been 
assigned in many studies. This is obviously an uncertain procedure, and 
many rock stratigraphic units displayed on lunar geologic maps have been 
assigned dual time stratigrapnic designations reflecting the uncertainty 
(for example, Wilhelms and McCauley, 1971) . Table 2-1 is a summary of 
pertinent lunar stratigraphic units and some of the criteria used to 
assign them. 

Fortunately, the Imbrium event as represented by its assunicd ejecta 
blanket, the Fra Mauri Formation, represents a fundamental time plane in 
lunar stratigraphy. This places Palus Putredinis, the rille location, 
in a very favorable geographic location for stratigraphic interpretation 
and its history can be related to the lunar stratigraphic sequence with 
some confidence . 

Pre-Space Flight Geological Studies of the Palus Putredinis Region : 

This region has been favored by most observers, probably because it 
lends itself to favorable undistorted telescopic viewing, and because of 
the complexity and variety of forms visible in a small sketchafale area. 


Table 2-1. Abridged scheme of Ivinar stratigraphic nomenclature 


Rock stratigraphic 
unit 


Gener^ characteristics and specific 
units . 


Copernican 

system 

Eratosthenian 

system 


Deposits of Copernicus (primaiy definition) 
and other f^esh appearing rayed craters. 

Deposits of Eratosthenes (primary defini- 
tion) and similar slightly subdued craters 
v/ith I'ays no longer visible or veiy faint 
at high sun. 


Imbrian Upper member informally defined as the 

system mare surface betv/een Eratosthenes and 

Archemedes. Impli-cation seems to be that 
this represents the contact beti/een mare 
fill surface and Eratosthenian ejecta. 

Dark mare materials in the Imbrium Basin 
and Oceanus Procellarum. 

Deposits of Archemedes and other mare- 
flooded craters superposed on circum- 
Imbrivun deposits and structures, 

CircviPf-Imbidum deposits and structures 
Basil member defined as the Fra Mauro Fm. 


Pre-Imbrian 
system (informal) 


Deposits of Julius Caesar and other simi- 
lar degraded craters covered by Imbrium 
Basin ejecta or cut by its structures. 


Time 

unit 

Copernican 

period 

Eratosthenian 

period 


Imbrian 

period 


Pre-Imbrian 
time (not a 
foiroal period) 


Estimated 
age rap 


3.2 X 10^ 


3.9 X 10^ 
A.6 X 10^ 


Primarily from Willielms, D, E. and McCauley, J. F. (l97l) ueologic map of the near side of the moon- 
rationalle, methods and format, p. A, published to accompary U.S.G.S, Map No, 1-703. 

O 

■^'lutch, T. A. ( 1972 ) Gcolo/y of the Moon , Princeton University Press, Princeton, Meii Jersey. 
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Most 19th and 20th century books on lunar studies have maps, sketches or 
at least physiographic descriptions o£ the features in this region. At 
least two studies, Spurr (1944) and Shaler (1903) are caried out from 
a geological view point. Both of these authors believed that most lunar 
features are volcanic in origin and interpreted Palus Putredinis in this 
way. It is interesting that although extremely detailed physiographic 
maps of the moon were produced prior to space flight, little effort was 
devoted to interpreting geology on a regional ba:iis. Most authors have 
described classes of lunar features and have illustrated their classifi- 
cations with specific examples. 

Post-Space Flight Geological Studies of the Palus Putredinis Region : 

Because of the selection of the Apollo-15 landing site adjacent to 
Hadley Rille, considerable interest developed in interpreting the regional 
structure and stratigraphy. What follows are brief notes on the most 
significant studies of the regional geology. The regional setting itself 
is the subject of the next section. 

Hackmann (1960) differentiates the mare material from the pre-mare 
material and illustrates the large scale structural elements on a 1] 3, 800, 000 
map. 

Hackmann (1966) subdivides the area into several formations and 
establishes a stratigraphic sequence. This differentiates Imbrium material, 
post-Imbrium event basin filling material in two stages and several crater 
forming enisodes on a 1:1,000;000 map. 
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Carr and El-Baz considerably redefine the boundaries given on 
Hackmann's 1966 map and add several stratigraphic units to account for 
erosional processes and secondary cratering. Some rock units on this 
1:250,000 scale map receive a significantly different interpretation 
than on Hackmann's 1966 map. For example, Hackipann mapped a large expo- 
sure of Apennine Bench Formation south of Hadley Rille which was 
interpreted as early mare filling basalt. This was reinterpreted by 
Carr and El-Baz as a post-Imbrium event slump deposit. These changes 
may reflect the improved resolution of Lunar Orbiter photography. 

Howard (1971) has mapped the region surrounding the Apollo-15 
landing site to provide a detailed 1:50,000 scale map which is substan- 
tially in agreement with and was published simultaneously with the Carr 
and El-Baz map. There is considerably more detail concerning small 
craters, and the precise location of some of the boundaries of small units 
on the mare surface is modified. 

Swann et al . (19/1) have discussed the Apollo-15 landing site in 
their detailed post-Apollo-15 preliminary report. The authors make 
pertinent observations and interpretations from the ground-based photographs 
and discuss sample locations and observations station by station, 

Swann et al . (1972) in an abriged version of the preceding paper 
have included a map of the landing site area at a scale of 1:32,000. 

This map which was draivn with the additional insight provided by Apollo-15 
confirms the interpretation of Howard (1971) . 

Cast et al . (1972) have presented thin sections of the major rock 




types found during Apollo-15 and have classed the rocks according to 
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mineralogy and texture. The genesis of the most prominent rocks is 
also discussed. 

Regional Setting : 

Hadley Rille is located in the Palus Putredinis (figs. 2-1, 2> 3, 4) 
an embayment of mare material just within the southeastern edge of the 
Imbrivim Basin. The apennine Mountains form an arc which is the southeast 
edge of Mare Imbrium and are regarded as fault-bounded, rectilinear, 
upthrust blocks resulting from the basin- forming impact JCarr and El-Baz, 
1971). The rille is adjacent to and apparently in places deflected by 
the prominent escarpement at the edge of the mountain block. The lunar 
coordinates of a point close to the center of the rille are: North 26^00*, 
East 3°30*. 

The Imbrium Basin (fig. 2-1) is generally regarded as a large impact 
feature formed toward the end of the moon's early history. It is thus 
an old lunar form, but it and its ejecta blanket cross-cut several older 
features C^ilhelms and McCauley, 1972) . Adjacent to, and cross-cut by 
the Imbrium Basin are two other older basins - Serenetatis on the east 
and Vaporum on the southeast. The geologic complexity of the Hadley reg- 
ion is due in part to its Imbriiim Basin marginal position. From a broad 
view, the bed:-ock geology and structure must have, been affected by the 
Serenitatis and Vaporum events as well. 

Structure . There are numerous linear or arcuate structural elements 
in this region which are for the most part circumferential or radial to 
the Imbrium Basin (Howard and Head, 1972) . These lineaments are also 
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aligned in the same directions as the well known Lunar Grid (Elston et al . 
1971D . It appears that the three nearby basin forming events and the over 
all lunar structural pattern have joined to produce the structures so well 
displayed at this site. Some structures, even structures within the 
Imbrium Basin, seem to be related to the formation of the Serenetatis 
Basin in pre-Imbrium time (see ch. 5 of this report) . All the tectonism 
which produced the faults represented by some of these structures did not 
occur immediately after the Imbrium event. Some faults cut the low-lying 
Apennine Bench Formation which seems to be an early mare filling basalt 
(Carr and El-Baz, 1971) . 

Palus Putredinis, illustrated on figure 2-2, is bounded by faults 
to the northeast and southeast, bounded by hummocky hills of questionable 
origin (mapped by Carr and El-Baz (1971) as post-Imbrium slump deposits) 
to the southwest, by the rim deposits' of the crater Archemedes to the 
northwest, and by ejecta from the craters Aristillus and Autolycus to the 
north. It seems to be topographically isolated from the adjacent floor 
of Mare Imbrium which implies that the basalts which fill it are of local 
origin. It is possible however -j- that at the time of mare filling that 
Rima Fresnel! to the north was a local channel or that one existed under 
the present ejecta blanket of Autolycus. 

Major craters . Large craters which have scattered ejecta throughout 
this region are Archemedes, Aristillus and Autolycus (fig. 2-2). Ejecta 
from the latter two have formed secondary impact features on the surface 
of Palus Putredinis indicating their recent age. Thr former, which is 
flooded with late mare basalt, has secondary structures remaining on the 
Apennine Bench Formation indicating an impact after the early stages of 
mare filling (Carr and El-Baz, 1971). 
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^ck samples . Samples frcm Apollo-15 come from two distinct geolog- 
ical environments - the mare plains and the hase of the mountain Hadley 
Delta (Swann et al . , 1972) . The rocks from the mare plains are predomin- 
antly basalt and those from the mountain are breccias and metaigneous 
rocks. These rocks have been further subdivided into groups which are 
simply reptrsented in the diagram (fig. 2-5), dra\m for this report but 
based on the conclusions in the papers by Cast et al . (1972) and Swann 
et al . (1972) . These two articles also discuss the genesis of the various 
rock types and come to the following conclusions: 

1. The mare basalt samples are evidently related to the underlying 
mare filling material. The t>'pe 2 basalt was sampled directly from ap- 
parent outcrop at the rille lip, and was also found as a boulder in 
Dune Crater at the other extremity of the sampled area (fig. 2-4). 

The type 1 basalt was found as boulders throughout the mare area and is 
thought to consitiute the uppermost rock unit underlying most of the 
regolith at the site. The types 3 and 4 basalts were found at the rille 
lip (station 9a, fig. 2-4) and their origin is not clear. In the context 
of this investigation, it appears possible that these have been ejected 
by relatively recent impacts from early formed rock units exposed toward 
the bottom of the stratigraphic section in the rille. 

. 2. Most of tne non-basalt samples are regarded as being related to 
the Imbrium impact either as impact -related breccias or as deep seated 
rocks brought up by the event. 

3. Those breccias which contain mare basalts are though to have 
originated with local impacts on the mare. 

4. The non-mare basalts which were found in rake samples at Spur 


Figure 2-5* Classification of the suite of rocks from the Apollo-15 mission. 
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Crater [fig. 2-4) and in breccias from the Appennine Front, may have been 
transported from distant pre-mare te-rains after impacts. 

Radiometric ages ; In addition to the extensive petrologic work 
which has been reported on lunar rocks, radiometric ages have been repor- 
ted for many samples. In particular, Husain (1972) has published a 
40 39 

compilation of Ar- Ar ages on five samples of mare basalt and eleven 
Apollo-14 samples from the Fra Mauro Formation. I have examined these 
values statistically to ascertain the elapsed time between the Imbriura 
event and the mare filling. 

The five mare basalt values range from 3.15 to 3.32 x 10^ YBP and 

have an average value of 3.26 x 10® years. The standard deviation is 

0.064 X 10® indicating a 90% probability that another value from the same 

g 

population would fall in the range 3.26 +_ 0.11 x 10 years. The standard error 
is 0.03 X 10® years which after calculating the t-statistic indicates that 

g 

the average value has a 90% probability of being within ^0.06 x 10 
years of the 'true' value of this population. 

The Fra Mauro Formation samples show dates ranging from 3.50 to 
3.92 X 10® YBP. The average value is 3.78 x 10® years with a standard 
deviation of 0.11 x 10® years indicating that another value from the 

same population would have a 90% probability of falling in the range 3.78 ;J^0.18 

9 9 

X 10 years. The standard error is 0.054 x 10 years indicating that the 

9 

average value has a 90% probability of being within +_ 0.10 x 10 years 
of the 'true' value. 

By subtracting these two averages and calculating the pooled 90% 
confidence limit for the difference, the time difference between the 
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Imbrium event and the mare filling can be estimated. This value is 
9 

0,52 +_ 0.10 X 10 years. Thus, at the 90% confidence level, 400 to 600 
million years elapsed between the Imbrium event and mare filling. It 
should be noted that the confidence limits for these averages are about 
the same magnitude as the estimated experimental errors reported by the 
various investigators summarized by Husain. Therefore, this statistical 
treatment seems reasonable. 

Geologic History of the Region : 

The geologic history of the Hadley region has been discussed to seme 
extent by most of the authors noted in the preceding section. A general 
statement is found in Carr and El-Baz (1971) . The diversity of cross- 
cutting and overlapping relationships at the Imbrium Basin edge makes a 
detailed relative chronology of events possible. The discussion which 
follows and the chart (fig. 2-6) are based on interpretations in the pre- 
viously discussed papers and my oivn observations of the Hadley region. 

Events can be classed into three major time intervals in the order 
of decreasing age as follows: 

1. Events preceding and including the Imbri’jra Basin forming event. 

2. Events which occured between the time of the basin formation and 
the end of mare filling. 

3. Events which occurred after mare filling. 

These basic intervals are chosen because the breaks are represented by 
ifidespread rock units . The basin forming event is represented by the 
Imbrium Basin and its ejecta blanket. The mare filling is represented 
by the mare basalt surface. The regional history is discerned by ob- 
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Fig» 2-6. Chart indicating relative sequence of events around Hadley 
Rille (craters and featiares illustrated on ms^s, Figs. 2-1 
to 2-4) • 
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serving how smaller features are related to these major features and to 
each other. Figure 2-6 is a chart v;hich summarizes the major events and 
their inferred chronology. Most of the events have been mentioned in the 
preceding sections. The remainder are discussed in chapter 4 of this 
report : 

Previous Work Concerning the Morphology of Lunar Rilles; 

Several authors have written papers which include significant obser- 
vations concerning the appearance of lunar rilles and how the rilles re- 
late to their surroundings. The folloiiring fall into this category: 

Pickering's (1903) initial and important characterization of the 
general properties of lunar sinuous rilles has already been discussed in 
chapter 1 . 

Murray (1971) has noted that some sinuous rilles are linear for part 
of their length and that in some cases, the land surface is higher on one 
side of the straight section than on the other. He also noted that rilles 
tend to be topographically controlled and to avoid topographic highs. 

He reports that sinuous rilles tend to be associated with established vol- 
canic features. This paper also includes a map of the location of rilles 
and it is pointed out that 85% of the rilles lie in the maria. 

Oberbeck et al . (1969) note the similarity between the sinuous rilles 
and a cratered sinuous ridge north of the Harbinger Mountains. 

McCall (1970) points out that many sinuous rilles have apparent ob- 
structions in them to lateral flow of fluids. He notes that some rilles 
have craters associated with them spaced along the length of the rille. 
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Strom (1968) makes careful observations of the cross-cutting rela- 
tionship of the inner rille in Schroeter's Valley. 

Schumm (1969) notes that several of the rilles in the vicinity of 
the crater Aristarchus seem to cut through topographic highs. 

Hapke and Greenspan (1970) feel that an abnormally high number of 
craters occur in the bottoms of some sinuous rilles. 

Cruikshank and Wood (1972) note that some rilles have distinctly flat 
bottoms while others ha’/e V-shaped profiles. 

Greeley (1971) gives the geomorphic characteristics of several , 
rilles in the Marius Hills region of the moon. 

Other authors have investigated the rilles using numerical measures 
to group and compare them. These papers include the following; 

Schubert et al . (1970) have performed a set of quantitative measure- 
ments on about 130 sinuous rilles and have reported histograms of length, 
width ividth/ length ratio, meander wave length, and meander wave length/ 
width ratio. They have also plotted the location of these rilles on a 
map of the nearside disk and have therby illustrated that there is a 
strong tendency for rilles to occur at the edge of the circular mare basins 
within mare material. The histograms presented in Schubert's report have 
been recast as cumulative frequency diagrams in chapter 6 of this report 
and the position of Hadley Rille is indicated on each. 

Oberbeck, et al . (1971) have published a catalog of lunar rilles with 
varying sinuosity. This is intended as a working regerence for other 
investigators. They also develop the equations for writing a Fourier sine 


series to represent the rilles and apply the method to a specific example. 
The use of a Fourier series to characterize rilles was also proposed in 
1969 by this author in the original porposal for this report. Such an 
analysis has been carried out for Hadley Rille and forms a section of 
chapter 6 ’to follow. 

Previous Geomorphic Investigations of Hadley Rille ; 

Pickering (1903]) described Hadley Rille as the second largest 
sinuous rille visible on the moon Cschroeter's Valley is larger) . He 
was able to observe 50 miles of the rille 's channel from the earth (end 
to end distance) and calculated that it had a sinuous length of 65 miles. 
(Lunar Orbiter imagery has shown the rille to be considerably longer and 
has also indicated a number of rilles which are even longer than Hadley 
Rille but less distinct.) Pickering also noted that the general course is 
slightly east of north (modern convention) and that the rille is about 
2000 feet (600 meters) wide at the southern extremity narrowing to about 
500 to 1000 feet (ISO to 300 meters) in places. He noted that the southern 
end coincides with a crater on the south flank of Hill 8 in the Hadley 
range of the Apennine Mountains (fig. 2-2) 

Cameron (1964) also noted the crater at the south end of the rille 
and compared it the terrestrial volcanic features. 

Greeley (1971) described the rille as being 135 km. long, 1.2 km. 
wide, and 370 meters deep. He noted that the northern section is con- 
siderably different than the southern part. This difference is discus- 
sed in chapter 4 of this report. Greeley also reports that the rille is 
situated on a topographic high (an observation not confirmed here), notes 
the lack of tributaries, and discusses the obstruction in the channel near 
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the Apollo-15 landing site. 

Howard et al . (1972) have written a post Apollo-lS report on the 
geology and morphology o£ Hadley Rille with particularly emphasis on the 
landing site area. Using Apollo-15 photographs and maps prepared from 
them, they have reported that: 

1 . The southern half of the rille does not appear to be structurally 
controlled, wheras segments of the northern half do. 

2. Around the landing site, the mare surface on the northwest side 
of the rille is higher than the surface on the southeast side. 

3. The width and depth of the rille are in direct proportion. 

4. The rille wall exhibits a distinct sequence of talus, outcrop 
and regolith with approptiate ledges and benches . 

5. The materials within the rille can be attributed to mass wasting 
from the outcrop along the edge. 

Wu et al . (1972') have published a map of the Apollo-lS landing site 
based on Apollo-15 metric and panoramic photographs . Their report also 
includes eight topographic profiles of the rille at the landing site pro- 
duced on a Be-ndix AS-11 Analytical Plotter, using panoramic photographs. 
About thirty such profiles covering most of the southern part of the rille 
have been prepared for this report (see ch. 4) . 


CHAPTER III 


EQUIPMENT AND NiETHODS 


This chapter describes the photographs and physical equipment used 
for data aquisition and the methods used for data reduction and analysis . 

Lunar Photography ; 

The two programs which have had exceptional significance in this 
study are the Lunar Orbiter program and the Apollo-15 mission. 

Lunar Orbiter photography . A general description of the Lunar 
Orbiter camera system can be found in the volume by Bowker and Hughes Ci^^l) 
or the volume by Kosofsky and El-Baz (1970} . Briefly, the Lunar Orbiter 
spacecraft was equipped to expose and process film during flight. The 
resulting photographs ivere transmitted to earth by an optical scanning 
and transmission system. This approach allows much better -resolution 
than a television camera permits. The photographic camera was equipped 
with short and long focal length lenses which allowed the transmission 
of medium and high resolution photographs during each flight. These pic- 
tures have good to excellent resolution (to one meter), but the metric 
fidelity is probably correct to only a few percent. Therefore, they are 
primarily useful for observation rather than measurement. 

Apollo- 15 photography. A general description of the Apollo camera 
systems is found in the report by Dietrich and Clanton (1972) . The photo- 
graphs which have been most relevant are the Apollo-15 metric, panoramic 
and ground-based Hasselblad photographs. The metric and panoramic photo- 
graphs are individually described in the report by Lockheed Electronics 


(1972) . A report by Batson et al . (1971) describes the individual ground- 
based photographs. A technical summary of all the Apollo-15 photography 
is found in a report by Cameron and Niksch (1972) . 

A brief description of the three relevant camera systems follows: 

1. The metric camera is primarily designed to take medium resolution 
photographs (to about ten meters depending on sun angle) with very high 
metric fidelity (or low point to point distortion) . The camera has a 76 mm 
focal length which at the flight altitude of 100 km. yielded photos with 

a scale of about 1:1,300,000. These are usually supplied at an enlargement 
of about 1.66x yielding a scale of 1:800,000. Most of the metric photo- 
graphs were taken with a vertical camera axis, although some oblique ex- 
posures were made. 

2. 'rhe panoramic camera is designed to take high resolution (to one 
meter from orbit) photographs with low metric fidelity. In operation, 
the camera exposes the film serially as the optical system sweeps from 
horizon to horizon. The film simultaneously moves in a direction contrary 
to the lens motion. During the Apollo-15 mission, the optic axis was or- 
iented oblique to the surface, and was shifted between a fore and aft 
orientation for successive exposures. This sequence provided stereo 
coverage because the exposure intervals were timed to have the aft expo- 
sure cover the same area as a preceding fore exposure. These can be suc- 
cessfully viewed in a conventional stereo viewer if only a small section 
is observed at a time. 
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Table 3-1. Specific photographs used in this study. 

1. General monoscope observation of the Palus Putredinis region 
^idth some stereoscopic overlap. 

Small scale- Lunar Orbiter lY, 102R^, 109H^ 

Intermediate scale - L\mar Orbiter V, lO^M to 1C6M 

2. Stereo, vertical, intermediate scale photos of the r il le . 

Low sun - Apollo-15 Metric, ip.1 to 419 
Intermediate sim - Apollo-15 Metric, 5^3 to 590 
Intermediate sun - Apollo-15 Metric, 990-995 (iio shadow from 
adjacent mountains in this series) 

High sun - Apollo-15 Metric 2304-2306 (coverage of south half 
only) 

3. Stereo, oblique, intermediate scale, high resolution coverage 
of the rille (listed as stereo pairs) , 

Low sun - Apollo-15 Pan (9374 end 9379 > 9376 and 9331) 
Intermediate sun - Apollo-15 Pan (9795 anid 9300 , 9797 and 9302, 
9S01 and 9306 , 9303 and 9303) 

4. High metric fidelity coverage vh.th appropriate shadowing for 
use on the Mann comparator. 

ApoUo-15 Metric, 416 

5. Used to construct stereo models on the AS-llA plotter. 

Metric model - Apollo-15 Metric, 992 and 994 
Pan model - Apollo-15 Pan*, 9795 and 9300 

6. Ground-based photographs which can be used to construct panor- 
amas of the rille (60 mm, Hasselblad) . 

Apollo-15, 11166, 11168, III70, III72, 11174, 1H76, III7S, 
lllSO, lUSi, IIIS4 (taken from station 10) 

Apollo-15, inn, ini2, ni2i, in23, ni25, nia? (station 9a 

7. Ground-based photographs vihich illustrate specific rille 
features near the landing site (500 mm. Kasselblad) . 

ApoUo-15, 12023 and 12104, 12058 and 12125, 12056 and 12156 

8. Used to construct a photomosaic for structural interpretation, 
Apollo-15 Metric, 991-995 

9. Large scale vertical moncscipic coverage of the Apono-15 
landing site . 

Apollo-15 Hectified Pan, 9377 (4x enlargement) 
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3. The ground-based Hasselblad photographs wer? taken with hand- 
held cameras by astronauts during surface traverses. The cameras have 
focal lengths of 60 mm. and 500 mm. which provide normal and telephoto 
coverage. Many stereo pairs exist because objects were intentionally 
photographed from two or more traverse stations. 

Table 3-1 specifically lists the numbers of photographs which were 
used for different purposes in this study. 

Equipment and Procedures : 

Large format stereo viewer . Several unusual problems associated with 
lunar photography make stereoviewing with a conventional stereoscope 
difficult . 

1. Many of the photos are large (up to 70 cm diagonal dimension). 
These are too big to manipulate under a conventional mirror stereoscope. 

2. The field of view of conventional stereoscopes is too small to 
see whole forms on photograph J this size. 

3. The ground-based Hasselblad photographs were taken from arbitrary 
positions tnat produced stereo coverage but with photographs of different 
scales. This makes stereo fusion in a conventional viewer difficult 
because each eye sees a different size image. 

4. Many of the photographs are provided with a glossy surface. 

Rear lighting of these photographs is desireable for optimum and contin- 
uous viewing. 

5. For purposes of analysis, it was desired to take azimuthal and 
length measurements of features while viewing photographs in stereo. This 
requires several inches of working space under the stereoscope, 

6. A conventional mirror stereoscope is throughly uncomfortable 


Pii^. 3-1 • Largo Format Stereo Viewer 




Pig, 3-2. Bridgeport Milling Machine. 
An Apollo photograph is in place on 
the milling table for coordinate 
measurement. (Courtesy of John 
C. Loschf Clockmakerf Holliston» 
Mass. ) 
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when used for continuous viewing. 

In order to cope with these constraints a special stereo viewer was 
designed and built for this study Cfig* 3-1). This instrument which has 
proven very useful has the following attributes: 

1. It can sit on either an illuminated drawing table for rear lit 
viewing j or on a conventional 5' drawing table. 

2. It has simple adjustments for eyebase, neck inclination, distance 
between photographs, and relative scale of photographs. 

3. Extra large objective mirrors 17,1 x 12.4 cm. give a large field. 

4. There is sufficient room beneath the mirrors to manipulate a 
drafting machine for accurate angular and distance measurements . 

Cost of the optical parts [fi^st surface mirrors were used) was about $20.00 
(Edmund Scientific Co., Great Barrington, N.J., 1970). The remaining 
parts were salvage. 

Measurement of length . The most accurate and detailed length measure- 
ments were made using the Mann 1200-3 comparator described below. For 
purposes requiring less precision, conventional drafting scales were at 
times used. Two instruments which provided relatively high precision at 
moderate cost are: 

1. A Sears & Roebuck Co. metric vernier caliper (Sears no. 40] 61) 
with a range of 13.5 cm. and vernier scale divisions to +^0.05 ram. 

3. An Edmund Scientific Co. optical comparator (Edmund no. 30325 
with reticle no. 30584). This is a flat field large diameter lOx hand 
lens which is arranged to view a reticle which contains several angular, 
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linear and circular scales. One linear scale is 2. cm long and can be 
read to ^ O.OS mm. 

The primary constraint on the use of these instruments is that 
although they provide precise information of specific features ^ they do 
not provide good information about the location of different features 
relative to each other.. Size and relative location can be determined 
together if the x-y coordinates of points outlining features can be read 
on an arbitrary grid, inaccurate^ although simple way to accomplish 
this is to overlay a sheet of graph paper over the field being studied 
(for example-a photograph) and read x-y coordinates from the graph paper. 

A more accurate approach which was used for some preliminary analysis of 
profiles is carried out by placing the field to be surveyed on the table 
of a vertical milling machine (Bridgeport model no, 9BRM) , The precision 
lead screws which normally drive the milling table can be turned to position 
different points of interest under a stylus held in the stationary jaws 
of the milling head chuck. After each location is positioned, its x and 
y coordinates are read from the lead screw dials. If the milling table 
is in good condition, this will provide coordinate data to an accuracy 
better than ^ 0.025 mm. over a field 23 cm. by 50 cm. This potentially 
useful technique was not developed to is ultimate extent because the Mann 
1200-3 comparator became available (fig. 3-2), 

The Mann 1200-3 Stellar Comparator . The Mann 1200-3 stellar comparator 
(GCA/David W. Mann Co., Burlington, Mass.) was purchased by the Lockheed 
Corporation at the Manned Spacecraft Center, Houston, Texas to measure 
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the relative positions of stars on astral photographs. These measure- 
ments are needed to determine camera orientation in the Apollo mapping 
camera system. Conceptually, the mechanism is similar to the milling 
table described above iifith the following additions 

1. The field is placed on a rear illuminated glass platform so that 
light is transmitted through the field, 

2. The viewer looks through an optical system and locates coord- 
dinate positions under cross hairs . 

3. Coordinate positions are electronically displayed and measurement 
numbers are electronically assigned. 

4. The output can be directly punched on cards for subsequent 
data processing 

• 5. The precision of the system is to within _+ 0.001 mm. which 
corresponds to a ground distance of 10 meters at the scale used. 

This system allowed the rapid compilation of several important data sets 
described in chapters 5 and 6, 

Topographic measurements . Several methods were tried in an effort 
to obtain accurate topographic information about the rille and its sur- 
roundings. Preliminary information was extracted from NASA Lunar Topo- 
graphic Photo Map Rima Hadley sheets A and B published by the U. S. Array 
Topographic Command, This map was printed as part of the pre-mission 
planning for Apollo-lS and is based on Lunar Orbiter photography. The 
vertical accuracy is ^ 250 meters at the 90% probability level. This is 
adequate to describe the mountains bordering Palus Putredinis, but reveals 
little about Hadley Rille. 
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Initially, it was hoped that topographic information could be 
derived from stereo pairs of Apollo-15 metric photographs using convention- 
al cartographic plotting equipment. An attempt was made to use the Kern 
PG-2 cartographic plotter at the U.S.G.S. experimental cartographic 
laboratory in McClean Va. There were severe difficulties with this 
machine in accomodating it to the lunar radius and in leveling the 
metric photos. A more basic problem appears to be that the rille can 
only be expanded to a scale width of a few millimeters with these photos 
in this machine. This fact combined with unfavorable sun angles produces 
inadequate resolution within the rillefor adequate elevation readings. 

Thus, to determine accurate topographic information, it was necessary to 
use Apollo-15 panoramic photographs. As detailed below, these can only 
be analyzed with an analytical plotter. 

The AS-llA Analytical Plotter . The fundamental photogramme trie 
problem is to relate an object's position on a photograph to its true 
position on the ground, and thence to its proper position on a map. 

If the position and orientation of the cameras is simple and well control- 
led, cartographic data can be extracted very simply with primitive equip- 
ment. Thus, stereo pairs of vertical axis frame camera photographs taken 
from equal altitudes can be analyzed using only a good scale fAdvertising 
Displays, Inc., 1970] . Unfortunately, flight altitudes vary and camera 
axes generally deviate from vertical. If either the camera orientations 
with respect the planetary radius is known, or if the exact three- 
dimensional ground coordinates of several common points in the overlap 
area of the two photographs are known, then it is possible to determine 
a set of unique three dimensional map coordinates for all the common 
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points on the two photographs. An analysis o£ the stereo geometry results 
in a matrix equation (Tewinkel, 1966) with the form: 


X 


* ^ 

X 

y 

z 

1 . ^ 

= M 1 

Y 

Z 


which relates the photo coordinates of points x,y, z (= -Focal length) 
to ground coordinates fX,Y,Z) , M is a 3x3 matrix involving the cosines 
of angles between axes in the two coordinate systems. ^Vhen multiplied, 
(3-1) becomes the equations of colinearity which represent the relation- 
ship between photos and the ground. 

Historically, these equations have been resolved mechanically by 
setting up the photographs in projectors with orientations similar to 
the camera orientations with which the photographs were exposed. This 
results in a stereo-projected image called a stereo model which is an 
analog of the real ground surface. This can actually be contoured to 
produce a map. The geometry of these machines is straight forward in 
the case of double proj^'oction direct viewing plotters, and more complex 
in mechanical machines with optical trains such as the previously mention- 
ed Kern PG-2 (Schermerhorn, 1966) . It is conventional to regard machines 
in the latter class as mechanical analog computers which solve the colin- 
earity equations to maintain the correct stereo model as different parts 
of it are scanned by the machine operator. The analog elements in the 
machine are rod lengths and cam profiles which maintain the correct rel- 
ative geometry of the photographs, stereo model and drawing pen which 
sketches contour lines on the map. These machines are designed to solve 
the geometry of frame camera photographs which are those in which the 
entire film surface is exposed simultaneously and the photo geometry 
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is symmetric about the optic axis, Apollo metric photographs are this 
type. The panoramic photographs which are exposed serially as the ob- 
lique camera axis sweeps from horizon to horizon have a much more com- 
plex geometry (Doyle, 1972). 

The difference between mechanical plotters and the AS-llA analytical 
plotter is that the mechanical machines solve the equations of colinearity 
by adjusting angles and lengths within the machine, wheras the analytical 
plotter solves the equations by continuous computation in a digital com- 
puter. IVhen the operator scans different portions of the stereo model, 
the photographs are adjusted by positioning servos to maintain the correct 
orientation. In other words, as the operator moves the index mark of the 
viewer from one point to the next across the stereoscopic model, the 
computer continuously computes new positioning parameters for the photo 
plate holders to give a geometrically correct stereomodel at the position 
being viewed. This means that the same set of calculations must be re- 
peated very quickly to keep up with the operator's movement of the index. 
In the AS-llA, the repetition rate for some equations is 200 times per 
second (Bendix Corp,, 1968). 

IVhen the AS-llA is operated, sever'’., nutually related things happen: 

1. The operator moves the view.Lng field across the stereomodel 
which he observes through the viewer. As he does so, the model geometry 
is adjusted into a correct orientation by real time computation of the 
colinearity equations. This solution depends upon what part of the model 
the operator is viewing. 
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2. Interwoven with these calculations are other calculations 
which determine cartographic coordinate information. These depend upon 
the continually updated model geometry and the viewer index position on 
the model . The cartographic information is used to drive an electro- 
mechanical plotter to directly produce topographic maps or profiles at 
any desired scale. 

The electronic rather than mechanical connections between different 
parts of this system give much more flexibility than previously possible. 

For example, the system can accomodate any pair of photographs for which 
colinearity equations can be programmed. Any analytically describable 
aberration such as lens distortion, uneven motion of the panoramic camera 
system, film shrinkage, or non-linear motion of mechanical elements of 
the machine can be programmed as corrections to the colinearity equa- 
tions. Furthermore, if redundant ground control information is available, a 
least squares technique can be used to provide the best possible model 
parameters during the initial orientation procedures. Thus, the photo- 
grammetric use of high resolution panoramic photographs with their low 
inherent metric fidelity is made possible. 

The system operation for the purpose of producing profiles such as 
are illustrated in chapter 4 of this report can be divided into three 
steps: 

1 . Metric photographs are oriented in the system using knora 
ground control information. For this study, five ground control points 
were used for absolute orientation of the model. A minimum of three 
points is required, so the use of redundant information permitted a least- 
squares fit. The ground control information was derived from Apollo-15 
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stellar photography and laser altimetry and was provided by Lockheed 
Electronics Corp. 

2, Panoramic photographs are oriented in the machine by relating 
knoiim positions on the panoramic photographs to the same points on the 
metric photographs. In this proces.*-, the colinearity equations for the 
panoramic photographs are established but with constants derived from 
the metric photographs . 

3. The machine is switched to an operational mode and contour or 
profile information can be plotted at will. This is accomplished as 
in most photogrammetric equipment by moving an optical index across 
the stereomodel so that the index appears to touch the land surface. 

Selection of photographs for photogrammetric analysis . The following 
criteria were considered in selecting photographs for use with the 
ASll-A analytical plotter: 

1. The metric photos used for the metric control must be well docu- 
mented. The laser altimeter ceased to operate during the 33rd revo- 
lution (f^oberson and Kaula, 1972) which dictated the use of metric 

■photos taken earlier in the flight. 

2. The visual process used in positioning the index in the stereo 
comparator requires that the photos have a well-defined ground surface 
for comparison. A low sun angle gives the best contrast. Fortunately, 
the low sun exposure of the Apennine-Hadley region occured early in the 
flight . 

3. The sun must be high enough to prevent shadows from obscuring 




features of interest. 
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4. Time limitations dictated that only one panoramic model could 
be set up. It was therefore necessary to select a pair of pan photos 
which covered as much of the rille as pc;::"'.ible. Because of its rela- 
tively fresh appearance, the southern section of the rille was given 
preference. The photos chosen for the study enable 3-1) appear to 
best meet these constraints. 

Mathematical Methods ; 

Fourier series ; Any function which is defined throughout an interval 
of width 2L, is bounded within the interval, and has a finite number of 
discontinuities, and maxima and minima within the interval can be approx- 
imated by a series of the form (Skolnikoff and Redheffer, 1958) : 

f(x) = + (Sj^cosCn x/L) b^^sinCn x/L)) 

n=l 

where f(x) is the approximate value of the function, x is the independent 
variable, a^^, bj^ are coefficients which must be determined, and L is one 
half the interval being approximated. Such an approximation is called the 
Fourier series corresponding to the function. 

The Fourier series is being used in this study to approximate the 
function represented by a specific set of data. From a practical point 
of view, any data set (assumed to meet the above conditions) can be approx- 
imated by one of several forms of the Fourier series. The differences 
between the forms governs the behavior of periodic extensions of the 
series outside the approximated interval (Gaskeli 1958) , An appropriate 
fowl for use here appears to be the Fourier cosine series which is given by: 
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fCx) = a /2 + a cosCn x/L) 

° n = 1 ^ 

This series is suitable because it can represent non-zero values of the 
function at the point x = 0 . Data for the Fourier series was acquired 
using the Mann comparator^ and it is not convenient to initiate the data 
set at X and y equal to zero with this instrument. The coefficients of 
the cosine series are given by the equation: 

k-1 

= 2/k f.cosCn Xj^/L) 
i=l 

where the values are the data values at the Xj^ locations and k is the 
number of data points . 

Spencer’s formula . This formula is one of a family of curve smooth- 
ing formulas which have been developed for extracting significant trends 
in the data from random fluctuations . The formula calculates a moving 
average over an interval which includes ten data points on either side 
of the central joint, but a moving average in which points close to the 
central point are given more weight than points which are distant. The 
equation for the smoothed y-value (y^] for a point xj^ when values of data 

^^1’ ^2’ ^k' ' *^n^ exist for equally spaced x-values (xj^ to is given 

by the equation (Harbaugh and Merriam, 1968) 

/• = 1/350 (60y^ . . 47(y^^2 + . 33(y,^^3 . 

* * y,,.4) * 6Cy^^5 » y^.j) - 2Cy^^j + y^.g) - S(y^^, . 

“ ^t^k»9 * ^'k-S^ ■ C>'k*lo * >'k-10^ 


I 
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IVhen a list o£ data is smoothed using this formula, the first ten 
and last ten x-values cannot have smoothed y-values calculated for them. 
This follows because the form of the equation for the first smoothed value 

or at k -0) requires ten y-values (unsmoothed data values y , y 

“1 "^2 

>y_lo3 which correspond to x_^ to y_^^Q is the first y value 

in the data set. However, if circular data is smoothed, a smoothed y-value 
can be calculated for all x-values if ten values are duplicated from each 
end of the data set and attached to the opposite end. For example, if 
a histogram of strike data is being smoothed, the first ten class inter- 
vals can be attached after the last lass interval because strike data 
is repetitive with a 180*^ period. This allows the calculation of smoothed 
frequency values for intervals up to and including the last class inter- 
val. Similarly, by attaching the last ten values to the first end of the 
histogram, the first and succeeding frequencies can be smoothed. 

Miscellaneous mathematical methods . Vector algebra is used in 
appendix 1 to solve a problem in spherical trigometry. A good discus- 
sion of vectors is found in the book by Thomas (1953) . It appears that 
vector techniques could be much more extensively used in solving structur- 
al geology problems. 

Several statistical tests are used in chapters 5 and 6. It seems 
impossible to divorce the test from the statistics being compared, so 
the tests are discussed and referenced in those chapters. A number of 
short special purpose programs were written for numerical processing of 
data in this study. These are listed in table 3-2 and unique programs 
are included in appendix 4. 

ESPEODUCIBILrrY OF Tiii-; 
nRIGLMAL PAGE IS POOR 
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Table 3-2. Programs developed for this study. 


Name of 
program 

^POPISH 


*SEL3CT 


*SE3I^CR 




Used ia 
chapter 


5^6 


5^6 


Description 


Conqputes the Fourier coefficients for a fi:ill Fourier 
series and optionally, a cosine series. Also com- 
putes the pov/er spectrum, value of the series 
approjdmation at each x-v£iluo and the residual 

value i'f . , — Y-, . ') . 

'••'aata ''Fourxer approx,^ 

Compares numerically coded information v.ith a user- 
supplied binary arr^ to sort the coc.ed data into 
groups . 

Cocputes smoothed values accordiicg to Spencer's 
formula. The smoothed curve is plotted graphically 
by the line printer. If the data is circular, the 
program fills in ten spaces at each end of the data 
^e u , 

Computes, using the p’-ihagorean thecrsm and the 
trapasoidial rule, various rills, parameters from 
Mann comparator data. Computed values include uidth 
and length of chamel for rille locations and seg- 
ments and average values for the rille. Also prints 
and punches frequency 'distributions of relevant 
factors . 

Groups data into distributions of frequency, per- 
cent frequency, cumulative frequency and percent 
cumulative frequency. Prints result and optionally 
punches result. 


*3ASIH 


Computes difference of tv;o percent cumtilative fre- 
quency distributions for the Smirnov test. 

Computes the aaimuthfron ary location to basin 
central locations and compares the computed direc- 
tion i-iith observed structure directions at the first 
location. 


- These five programs have been incorporated as appendi:c 4. 
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CHAPTEE 17 

PSPAHED DESGBimOH OF HA33ISY BIUE 

This chapter is a detailed discussioa of Hadley Rille and the 
large and small scale featTa?es observed in and adjacent to it. The 
chapter is arranged so that featiajes visible on small scale photo~ 
graphs are described first followed by descriptions of those seen at 
larger scales. Appropriate ApoHo-15 photo xreferences have been given 
in each section. 

Description of Hadley EiHe From Small Scale Photographs ! 

/ 

This section snmmarizes the featnres which can be seen mono— 
scopically on small scale photographs of the Pains Pntredinis region. 
Some appropriate photographs illnstrating these featnres are Apollo-15 
metric /tl4 (fig. 4-1) 02 ^ 914i or Lnnar Orbiter 7, 105M and 106M. 

7iewed as a whole, the illle is seen to cut through the mare 
surface in a series of curves which are smoothly sinuous in places 
yet orthogonally joined in others. The south end of the rille connects 
to an arcuate depression which is incised into both mare and pre-mare 
material. The north end of the rille adjoins a triangular depression 
one edge of v/hich coincides with the contact between mare material .and 
older ixicks. Between these points the rille is continxious, although a 
constriction occurs east of Hill 305 (fig. 2-3) and the rille becomes 
indistinct in the plain northwest of the hill. 
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The southern section . The southern part of the rille has a 
considerabily different appearance than the northern part, and thus, it 
is convenient to separate the rille iaato two sections for description. 
The southern section is that part southeast of Hill 305 j the northern 
section is the portion adjacent to and northwest of the hill. For 
purposes of nmierical treatment, point 84 on figure 6-2 is the dividing 
point. 

The sottbhem section of the riHe is a deeply incised, clearly 
sinuous furrow which stands out in high optical relief. The walls of 
the adlle in this section show a remarkable parallelism. Ary small 
fluctuation in the direction of one wall is matched by a corresponding 
deviation on the opposite side. In profile view, the usual cross- 
section is a symmetric ¥-shape, although variations are present. 

Where appropriately illuminated, outcrop is observed along most of the 
southern section except perhaps the first two or three kilometers adja- 
cent to the cleft-like depression. Pan photographs indicate that 
outcTOp is found from the lip of the rille down, and that at several 
locations, it occupies the upper one-third of the rille wall. There 
spears to be a correllation between obvious outcrop and boulders on 
the rille bottom indicating that the outc3?op is the source of the 
boulders. There are some locations, however, where boulders have 
obviously been ejected into the srille from nearly craters. There are 
no locations where outcrop is unequivocally exposed in the bottom of 


the idlle. There appears to he a relatiTS absence, of small craters 
in the rille conpared to the adjacent mare surface. The variable 
lighting of the rille wall makes a formal crater count of questionable 
value, but a spot check of the mare surface and faTOrabjy illuminated 
parts of the riHe wall using the Edmunds IQX con^arator (ch* 3) indi- 
cates considerabUy fewer craters in the rille. Several craters inter- 
sect the rille and have resxilted in prominent ejecta deposits in it. 

The converse situation, subdued craters which are cut the rille, 
would indicate some elapsed time between mare filling and rille 
formation. Ko such craters have been observed* The lowland occupied 
by this segment of the rille has a northeast trend which is circumfer- 
ential to the Irabiium Basin. However, this direction is not selective3y 
adopted by individual segnents of the rille. 

The small mare surface features surrounding the southern section 
can be interpreted and ranked in order of visual importance as follows i 

1, Small, cup-shaped symmetrical craters with raised rims pi*obably 
due to primaiy ia 5 >acts and secondary ia^jacts after Crater Hadley C, 

2. Irregular depressions with little or no raised rims that 
probably are volcanic collapse features of different types, 

3* Irregular, low hi 11s of probable prennare material which have 
been left as islands after mare filling. 
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The reflect±7ity of the adjacent mare serface is more tmiform 
than in other parts of Pains Pntredinis, althongh two or three 
jiaces are noticab^y bri^ter than the remainder* 

The northern section . There are important qualitative and quan- 
titative differences between the northern and southern sections. The 
general trend of the nosrthem section is radial to the Irabrium Basin 
rather than circumferential. It will be shown qxiantitatively in sub- 
sequent chapters that the noithera section of the channel is on the 
average straighten and that a closer relationship exists between the 
aaimuth of individual rille segments ‘and the regional structure. The 
channel width and depth are smaller and the profile is U-shaped or even 
flat-bottomed at the northei^ extreme. The previously noted indistinct 
section of the channel can ordy be well observed in low sun photography. 
In contrast to the southern section, the northern section shows little 
or no outcrop and the cratered surface Viithin the rille looks identical 
to the cratered mare surroundings. As in the south, this section of 
the rille is not observed to crojjS-cut aiy other structures of the mare 
surface, but one of the plumose structures from the cratering evej^cbs to 
the north does appear to cut the rille. 

The surface surrounding the northern section has more relief 
features than that to the south. These can be ranked in order of visual 
ia^jortance and interpreted as foUoiJs: 


1 
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1. Secoiidaay pltmiose structtires associated idth cratering events 
to the north* 

2, Small, c\ip-shaped craters with raised lips which are of 
probable primary or secondary in^jact oirigin. 

3* Irregolar depressions with small or no raised idms which may 
be either TOlcanic collapse featnres or imperfectly developed plumose 
structTires . 

4* Lineaments which probably represent post-mare filling tectonism. 

5. Hills which probably represent islands of prennare material 
which were isolated during mare filling. 

The reflectivity of this surface is highly variable from point to point. 
Much of the bright material correlates with the STirface disturbance of 
the plumose stmctures, so much so that a bright halo probably serves 
to differentiate an irregular secondary crater from a volcanic depres- 
sion. 

Detailed Observations Within the Ril.le from Command t-lodule Photography ; 

This section is concerned with specific features in the rille which 
can be observed on metric and panoramic photography. Appropriate photo 
references are the stereo pairs Apollo-15 metric i}14~4l6 (fig* 4-1 » 4-2) 
and pan photogr^hs 9795-9800 (fig. 4-3 » 4-4) and 9797-9802. Stereo 



Fiff. 4-3. Apollo-15-9795 Pan photoscraph (lower), Fi^. 4-4, Apollo-15-9ROO 

Pan photoffraph (upper). These copies do not retain the extraordinary 
resolution of the ori^^inals. 
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observation or the use of lOX raagaification is necessary for many of 
the observations. The order of observation described here is as though 
an observer started at the southern extrewity of the rille and progres- 
sed along the channel to the northern end. For convenience in descrip- 
tion, features on the observer's left are referred to as being on the 
mare side of the rille since most of the ImbriTim Basin lies on that 
side. Features to his light are designated as being to the mountain 
side because of the presence of the Apennine Front, 

Many of the described features have been profiled using the 
AS-UA analytical plotter (ch. 3), Readers who have used this machine 
with panoramic photographs will question how profile lines direct3y 
across the rille can be established on the distorted panoramic model. 
This was accongjlished by the following method; 

1, The location of the panoramic stereo model was located on a 
metric photograph of the rille. 

2, The desired pi*ofile lines were laid out on the metric photo- 
graph, In most cases, the profile lines were perpendicular to the riHe 
direction at the point of intersection between the profile line and the 
rille. 

3, Photo— identifiable objects (for the most pasrt— craters) were 
located at each end of the profile lines. 
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4. These objects were then located on the panoramic model in 
the machine. The machine index was then traversed back and forth 
across the rille and adjustments were made to the profile dis^ction. 

This was repeated tmtil by tidal and error, a profile line was estab- 
lished between the two photo-identifiable points. Then, the actual 
profile was plotted. 

The profiles are reproduced in figures to 4-17* Each profile 
is numbered and carries identifying letters which are keyed to a loca- 
tion map ( fig, 4“5) , Above each profile is a horizontal line for 
reference. The position of this line is the profile line indicated 
on the location map, and the ends of the line on both the profile 
drawings and the location map fall at the two photo-identifiable objects 
used to locate the profile direction. In two cases, profiles 6a and 
30a, it was not possible to find photo— identifiable objects on the 
profile lines. Their locations and orientations are therefore les.-^ 
controlled than the other profiles which is the reason they were assigned 
special profile numbers. 

In some places, there is difficulty in observing detail in the 
rille walls because of unfavorable illumination. All detail is lost in 
shadow or under direct iHumination, whereas an oblique or grazing sun 
angle is most favorable. An examination of most of the available 
imagery and photographs of the region has shown that about one third 
of the rille wall is visually inaccessible. The remaining two thirds 
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Is the basis of the discussion to be presented forthwith. 

The southern cleft . The southern end of the rille connects to an 
arcuate depression with an approxiaate north<>south orientation) with a 
length of about ten kilometers and a width of about two kiloraeters at 
its widest. Under the stereoscope, this is seen to be one of three 
connected depressions which resemble dissimilar canoes tied end to end, 
the southernmost two being progressive3y shorter than the first. Owing 
to the ciirvature of the forms, the chain of depressions crosses the Ap- 
ennine Front and assumes a southwest azimuth. The final depression 
grades into the set of lineaments which borders the mountain block. 
Although the depressions are clearly connected, there is a distinct 
topographic barrier between them. 

Concentric with and iramediate]y adjacent to the northern depression 
is an additional similar depression with corresponding shape but with 
dimensions about one half as large. The north-south azimuth displayed 
ty the two concenbric depressions is visually and analyticalHy (ch. 5) 
in discord with regional structures, although an extension of them 
cu3Tve northeast along the edge of Bennett Hill. Such an extension 
wo^tld match the regional patteam of lineaments . 

These forms cut both the mare surface and hil3y material. It is 
not completeJy clear how the depressions actually cut the Apennine 
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Massif, Carr and El-Baz (1971) * place them at the contact between the 
Block Mountains and post'<upllfb sItio^ deposits. The walls show little 
outcrop which is notable considering the large amount of outcrop exposed 
in the rille. There is a distinct change of texture at the bottom of 
the northern depression which may represent an accumulation of trans- 
ported debris. If so, the size of the accumulation indicates that there 
has not been much erosion from adjacent slopes. 

The cross-sections of different depressions vary in that the 
concentric pair both appear V-shaped, the central one has a huEimocky, 
flat bottom, and the southernmost appears somewhat U-shaped. The flat 
bottom in the central depression m^ represent the original bottom pro- 
file because talus deposits in other parts of the rille have not produced 
a flat bottom. There is no linear relationship between elevation and 
width along these depressions. Consequently, they cannot be interpreted 
as grabens as have certain other linear furrows on the moon (Baldwin 
1971) . 
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The southern section . The rille emerges from the cleft-like 
depression in a ti^t S-cnrve which is the only segment of the riHe 
which distinctly cuts pre-mare material. There is a peculiar mottled 
appearance to the rille wall where the 3?i21e appears to cut what has 
been mapped as Imbrium iJiqjact breccia (Carr and El-Baz, 1971) • 
Measurements with the Kexn B3-2 plotter ^ indicate that the channel 
c3?oss--saction here has the most a ^r m m etric form found in the rille. 

The steepest slope of the transverse profile occurs on the outside 
of the cu3*7e. 

Profile number 3 (fig* 4~6) is drawn across the channel about ten 
kilometers north of the cleft. At this location, a subdued crater 
about 800 meters in diameter intersects and cross-cuts the rille on 
the mountain side, A number of similar craters intersect at different 
places along the rille and their ejecta may be partially responsible 
for undulations in the riHe bottom. 

At the location of profile number 6a (fig, 4-S), there is a large 


This location was mt included in the model used in the AS-llA 
plotter for reasons discussed in chapter 3* 
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(one Idloneter long) block of material, visible otOy on panoramic 
photographs, which foims a downward step on the mare edge of the 3dJLle. 
The 50-meter-hi^ escarpment between the block and the mare surface is 
obvious on the parofile. This appears to be a slump or faiilt block 
which has truncated the bend in the rille. The strike of the escarp- 
ment corresponds to the structural trends in the region and the face 
of the escarpme 33 t pIt gns well with the fault which is assumed to bound 
the Apennine Front* There is a hint of a slight displacement on an 
extension of the same slip surface to the northeast across the rille* 
This feature may have resulted from remobilization of Imbrium event 
faults by the event which produced the nearby Grater Hadley C (fig* 2— 3)» 

The Crater Hadlsy C on the mare side of the rille is the largest 
post-mare crater in Palus Putredinis being 5*6 km. in diameter. Its 
obvious overlap of the rille establishes its post-rille age without 
doubt, Althotigh the rille is almost totally obscured next to the 
crater (profile 9, fig. 4-9) » the e;jecta has only covered the rille to 
a distance of about one half a crater diameter from the crater rim 
(pjrofile 10, fig, 4-10) . Maiy of the small craters on the mare surface 
here are assumed to be the result of secondary impacts after this event. 
It is notable that there is no pronounced increase in the number of 
craters in adjacent sections of the rille. Profile number 4 (fig* 4-?) 
is directly across Hadley C and emphasizes its £La.t bottom. 
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Profile number 14 (fig* 4-13.) passes through a location where the 
wall of the rille is over-steepened in cos^jarison with the other pro- 
files, and the floor is abnormally* flat* This has resulted in an asym- 
metric profile in a relatively straight section of the rille. This 
feature can be adequately viewed only in stereo under high magnification 
on film-based panoramic photographs. About three kilometers north of 
the profile number 14 location, there is a small, dark area in the rille 
bottom containing several well-defined crateis. The appearance is simi- 
lar to the pooled lava observed lying in the crater walls of some large 
craters^. 

Piofile number 1? (fig. 4-12) is directly across a small radius 
curve which is con^arable to the curves at the south end of the rille. 
This profile was plotted several times to check for asymmetric channel 
shape. The outside slope of the curve is concave in contrast to the 
opposite slope which is convex. This results in a steeper slope, on the 
outside of the curve. These contrasting slopes could be infceipreted as 
indicating either a cut bank on the outside of the curve or evidence of 
more effective meteorite erosion on the promontory which is present on 




'or example, the Crater Aristarchus as seen on Lunar Orbiter ¥ 
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the inside of the cui^e. Profiles numbers 22 and 23 (fig.* 4-14) 
across a straight section of the rille with particularly fawrable 
illumination, Inis segment contains the most observable outcrop of 
any segment. The otttcrop occurs on both sides of the rille with more 
on the mountain side, and extends one fourth to one third of the 
down the rille wall for a distance of three kilometers along the 
channel. This contributes a distinct cliff and bench appearance to 
the mare side of the profiles and results in concave slopes on both 
sides of the rille. In the film-base versions of the pan photography, 
the rille walls in this section have a distinct fish bone or tartan 
appearance. It is difficult to pick out any particular lineament fj*om 
the overall pattern, and the pattern may be an effect of illtaaination 
geometry. This problem is discussed in chapter 5* 

At the end of this straight reach, the r lHa makes a series of 
tight vums which seem to be controlled by the Apennine Front, This is 
the most obvious example of topographic control of the rille, although 
control is evident at several other locations. It can be noted that 
the three sharpest turns in the rille occur where the channel is in 
contact with pre-mare material in the southern section. 

On film-base panor'md.c photography, there are notably few bouldprs 
visible in the rille where it passes the Grater St, George, and outcrop 
if present at all is found only on the mare side. Evidently, there is 
a deposit of material in the rille here which has been er^sded from the 


adjacent mountain tlock* Simple deposition does not explain the rela~ 
tive lack of outcrop on the mare side, however, especially consideriijg 
that an obvious post-rille crater is presenb in the rille wall, A 
crater such as this produced abundant boulders at the Apollo-15 land- 
ing site (discussed below in detail). 

The final bend of this sequence is a sharp turn to the noithwest 
which becomes the general trend of the rille direction for the northern 
half of its length. The Apollo-15 lauding site is located on the 
mountain side of the zille about one kilometer noith of the turn. The 
high resolution ground-based photographs of this area will be discussed 
below. 

To the northwest of the landing site, there is a cryptic feature 
which is not duplicated elsewhere along the channel. In a series of ■ 
elongated forms of decreasing width, the rille tapers norbhward over a 
distance of about ten kilometers until the channel is ai]jnost completely 
closed. The rille then widens abruptly and assumes an unobstructed con- 
figuration. Some mate^caal has been thrown out of a recent bright- 
haloed. crater on the movmtain side at the sharp bend in the rille. The 
restiltant ejecta blanket has obscured the original rille geomatiy some- 
what and has also produced a feif boulder trails on th<3 3nU.e walls. An 
explanation for this constriction is essential to an adequate hypotbbcfis 
for rille genesis, and it is considered in some detail in chapter ?• 
Profiles number 26 (fig. 4*"15) and number 29 (fig. 4-16) are across 
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significant constrictions in this tapered section. Profiles number 27 
(fig. 4 - 15 ) and number 28 (fig. 4-16) are along the rille bottom 
through the constriction. 

The northern section . Just at the point where the riHe assumes 
a normal configuration above the constriction, there occurs the first 
of four lineaments which intersect the rille vd.thin a 20 kilometer 
length of channel. These have been interpreted as tributary rilles 
(Greeley 1971) hut were later mapped as faults (Carr and El-Saz, 1972) , 
Profile nximber 26 (fig. 4-15) is drawn pearpendicular to and across the 
lineament and also intercepts Hadley Rille obliquely at the constric- 
tion. Viev/ed in profile, the lineament is seen to be an escarpment t'ri.th 
a height of abo^at 15 meters. The appearance in cross-section aud the 
obvious alignment vd.th other local structures supports the view that 
this is a highr-angle fault. This structure have considerable signi- 
ficance in its relation to the constriction. 


74 


I 


About three kilometers to the northwest from its intersection with 
the first escarpment, the rille encovinters a second escarpment with a 
strike direction approximately perpendicular to the first* This north- 
east facing escazment is in approximate alignment with the southwest 
face of Hill 305. At additional distances of four and then five kilo- 
meters along the rille, two more lineaments intersect the channel with 
orientations perpendicxfLar to the rille and to Hill 305* Their cross- 
cutting relationship with the mare surface indicates post-mare filling 
tectonic actisity. 

In the vicinity of Hill 305, the rille traverses a stricture between 
two embsyments of Pains Putredirds. Where the rille is adjacent to the . 
hill slope, it becomes subdued and irregular in appearance. In profile 
(profiles numbers 30 and 30a, fig, 4-17) » the bottom of the rille 
flattens, the width diminishes, and little outcrop is visible. The 
change in character of the rille where it abuts pre-mare mountaiis has 
been attributed ly other authors (Howard and Head, 1972) to mass vest- 
ing from the mountains. This interpretation has been expanded at the 
end of this chapter to calcvlate a maximum rate of erosion from 305, 


and a maxumHi erosion rate of 106 meters is indicated. The position of 
the riHe relative to Hill 305 and the unusual linearity of the sec- 
tion of chajinel adjacent to the hill indicate topographic or structural 
control of the rille the hill. At several places around the edge of 
Hill 305 1 there are benches of psrobable mare material clinging to the 
edge of the bill. These may represent high lava marhs formed during 
mare filling, Svrann et al , (1972) have reported similar marks at a 
height of 90 meters above the mare surface around the base of Mount 
Hadley, 

North of Hill 305} the rille is positioned across one comer of 
Palus Putredinis, It ultimately ends about 25 kilomsters northivest of 
the hill. This length is further from the * shore* of pre-mare f llli ng 
bedrock than other rille segment. North of the straight section 
under Hill 305} the rille pattern becomes clearly sinuous for a channel 
length of ten kilometers, then abnormally straight for about eight 
kilometers, and finally continues in a sinuous pattern to the end. 
Inanediately to the north of Hill 305} the rille assumes a subdued 
appearance and nearly disappears for a distance of about eight kilo- 
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meters. Further north, the channel becomes more distinct, and the 
relief coiatinualDly increases to the northern end* 

The northern end of the rille intersects some of the segnenbs of 
the arcuate system of furrows called the Fresnell Rille System. These 
are belie-ved hy most authors (ch. 5) to be surface expressions of the 
circum-Irabrium fault system. One prominent furrow about one kilometer 
wide ends abngjtHy at the rille and setreral other lineaments appear to 
intersect it less distinctly. An adequate hypothesis for rille origin 
shotild explain this association. 

At its extreme northern end, the riHe Widens into a triangular 
depression about four Mloraeters long and three kilometers wide at its 
widest. The north edge of this depression is coincident with the con- 
tact between mare filling material and pre-mare hilly material. One 
irregular furrow which intersects the rille on the mare side is out of 
accord with the other structural directions and is surrounded with 
brighter material than the general mare surface. This appears to be a 
plumose stnicture from Autolycus or Ardstillus rather than some featiire 
related to the bedrock or mare surface structure. This indicates that 
at least one of the craters must post-date the rille , 

Observations From Large Scale Ground-based Photogra-phs : 

During the Apollo— 15 traverses, numerous ground-based photographs 
were taken of features around the landing site. Two focal lengths were 
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used, 60 nun. for normal scale photo co'verage, and 500 mm. for telephoto 
photographs. The photo stations were chosen to pro-uide stereo coverage 
of many features and photographs of both scales can be assembled into 
mosaics, some of wiiich are detailed in chapter 3» This section is a 
descidption of cert.ain small scale features in the rille based on 
observations from those photographs. 

The material visible within the rille at the landing site includes 
both onbcrop and fragnented material which ranges in size from 30 meter 
boulders to probable clay size. Both the outcrop and the loose materials 
t are quite variable in their appearance, 

/ 

Swann et al . (1972) have discussed individual outcrops in some 
detail and have made a number of significant observations. This para- 
graph is a summary of their observations. The outcrop along the rille 
is discontinuous and it is difficult to trace a particular stratigraphic 
horizon from one outcrop to the next with certainty. The maxlmma depth 
of visible outcrop is 60 meters, but rocks collected from Dune Grater 
(fig, 2-4) suggest at least 100 meters of basaltic rock. Individual 
outcrops are clearly l^eredj all feature a massive layer, and many have 
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thinner section above and/or below the massive one. It is possible to 
distinguish the different layers because different physical properties 
such as reflectance, appearance after weathering, resistance to weathering 
and mode of fracture give them different optical relief. There is a 
prominent near-vertical joint set, and this frequently cuts more than one 
layer. Other joint directions are observed locally but not as a general 
rule. A few places show possible columnar jointing. The layers in this 
vicinity have an apparent dip to the southwest suggesting that older mater- 
ials are exposed north along the rille. The lower exposure of the outcrop 
seems to be associated with a slight topographic bench of problematical 
origin. These authors think that the evidence is insufficient to demonstrate 
that a series of separate lava flows are exposed in the rille wall. A compari- 
son of these photographs with outcrops which I have observed in Iceland and 
northwest Canada sugges-^s that the evidence for at least, two flow units on 
photograph Apollo-l5-12023 (fig. 4-19, discussion to follow) is compelling 
These authors also discuss the possibility that the rille is incised into 
the pre-mare surface, but find no direct evidence in the nature of a 
nonconformity. 

In order to illustrate several additional important features of the 
rille wa-1, three sets of stereo photographs will be described here in 
detail (figures 4-19 to 4-25) These three sets have been chosen as being 
representative of the features visible on the entire set of 500 mm. photo- 
graphs of the rille. The coverage of each pair is illustrated on figure 
4-18, and identifying information for the stereo models is given in table 


4-1. Some of the features to be described can only be discerned stereo- 
scopical ly. 

Table 4-1 Ground-based stereo models described in the text. 



Apollo-lS 

Camera location- 


Stereo Model 

photographs 

ground station 

Figure number 

1 

12023 

9a 

4-19 


12104 

10 

4-20 


or 




12107 

10 

4-21 

2 

120S8 

9a 

4-22 


12125 

10 

4-23 

3 

12056 

9a 

CM 

\ 


12156 

10 

4-25 

Features 

visible on the 

upper rille wall 

section. Stereo model 


number 1 (table 4-1) illustrates a typical upper section of the rille 
wall. This model includes extensive outcrop and debris. To the rear of 
the outcrop on the mare surface is a subdued crater about 50 meters 
in diameter with virtual In no boulder debris present on its rim. The 
mare surface behind the rille seems to be veneered with fine material with 
only an occasional nearly buried boulder visible. The rille wall has 
two obvious zones, an upper region containing well -displayed outcrop, 
and a lower section containing unconsolidated material ranging in dia- 


•X 



APPROXIMATE LOCATION 
OF STEREOMODELS 
TABLE 4-1 


Fig. 4-18. Hap to indicate the location of stereo models 
discussed in the text. The models are described in table 4-1, 
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meter from teiwaeter boulders to fine material, 0-verlying the outcrop 
is a layer of regolith several meters in thickness which is a depth 
in agreement with regolith deptts predicted from studies of crater 
morphology (Oberbeck and Quaide, 196?) • 

The outcrop has two clearly different zones. The upper unit 
is massive, light*-colored material cut by oblique and vertical 
joiaats, the most obvious set being the oblique set. The joint spacing 
is iiregular end relatively viide. The outcrop surface has both rounded 
and angular areas, but is predominantly rounded. 

The lower outcarop by contrast is more closely jointed. There 
are tvro prominent joint sets which have no correspondence to those in 
the overlying unit. There is a prominent sub-horizontal e-t and a well- 
developed, subsidiary near~veirtical set. The horizontal joints divide 
the unit into veay well-defined l^ers which closely resemble terrestrial 
depositional units. The vertical joint set suggests columnar jointing 
viewed from the edge. The lower unit is darlisr than the upper, has a 
more blocisy surface appearance, but has a smoother face as a whole. The 
considerable difference in appearance, joint direction and joint spacing 
suggests that these two rock units havO been eirolaced at different times. 
Both outcrops have overhanging blocks jutting out from the surface a 
distance of several meters. There is partially developed cliff and 
bench topograpiy on the upper part of the rille wall, presumably due to 
different characteristics of rock units. Debris has collected on a 
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bench on top of the second nnit^ and a second accunmlation has formed 
on a bench below this unit* The upper unit is cut fcy two notches which 
appear to have acted as conduits for talus fans on the bench below* 

These notches have an appearance similar to trails cot by soil move- 
ment which the author has observed in terrestrial alpine topography. 
However, the lunar trails are less pronounced than the terrestrial trails* 

Poised on the rille lip above the hipest rock unit is a collec- 
tion of large-to-moderate-sized boulders*. It is not clear how th^ 
achieved this stratigraphic position. They may have been ejected with 
regolith from the crater beyond the rille lip on the left side and now 
are a lag deposit after micro-meteroite erosion (or thermal creep~a 
mechanism to be postulated) * It is not clear how material could be 
removed from beneath the rocks so as to leave them so precariously 
positioned, Th^ might have been ejected from some other fresher crater 
in the viciuity although no such source is evident on the pan photograpty* 
There are several such places along the riUe lip where bouldei^ stand 
above outcrop, but in most cases, the boulders are partially buried and 
not free-standing as these are. 

In order to compare the debids accumulations within the rille with 
similar features on the eaidh, observations and photographs were made 
at the B&M cnished stone quany in Ashland, Mass, This site was chosen 
because the quarry stone is a greenschist which breaks into angular frag- 
ments similar to the lunar debris. The quany slope accumulation in 
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figure 4-** 261s zoned so that the large £ragi 7 ,ents are at the downr^slope 
side of the pile and fines have accumulated above* These accumulations 
form when a few large r*ocks slide or roll down the slope and stop to 
form a dam across the flow path and are followed by a flow of finer 
material to a position behind the dam* If more large :&agments follow 
the fine material, they iney have enough momentum to roll over the fine 
accumulation and thus come to rest towai^i the front of or even ahead 
of the heap. Evidently, this process can happen as a single event or 
as a succession of smaller events. This process requires no atmosphere 
or water* Several of the debris acciamlations on the lunar photographs 
have a similarly zoned aspect. This is especially true of the boulders 
on the bench below the leered outcrop. Thus, a similar slope trans~ 
port process is assumed to be responsible for this accumulation although 
it is not possible to speculate on the time rate. 

There are a number of other debris accumulations which do not 
shovr a clear zonation. One such accumulation is on the left side of 
photo 12023 and is best viewed in stereo on the pair 12023-12107 • It 
is not clear if these boulders are in their approximate original pof i - 
tions or if they were transported ly some mechanism which did not ca’ se 
zonation. They seem to overlie a layer of fine material which sug- 
gests transport to this locality. Perhaps the entire accumulation 
arrived in one ballistic event. 
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On the bottom one third of the stereo model, the slope takes on 
li different appearance which is characteristic of most of the photo- 
graphed portioias of the lov;er riHe wall. At this level, there is no 
outcrop present and the talus contains fevfer boulders in proportion 
to fine materials. The boulders which are present can be divided into 
two groups. One group consists of relatively dark-colored rocks which 
are angular and which rest on the surface with little or no filJleting 
with fine mateidal (Morris and Shoemaker, I96S) \ The other boulders 
are light in color, subdued or rounded in surface appearance, and are 
relatively buried or filleted. There seems to be a relative lack of 
partially buried boulders. This effect is more fully displayed on 
stereo pair 12056-12156 which coi^utittiiie stereo model number 3 (table 

4 - 1 ). 

Recent cratering in the lulle . The first stereo model (above) 
illustrates a general section of the rille wall. Stereo model number 2 
(table 4-1) contrasts debris which is obviot^ly recently generated with 
other materials on the slope. 


^hese authors have defined fillets as embankments of fine-grained 
material partially or entirely suirounding larger fragments in a report; 
Morris, S. G. and Shoemaker, E, M, (1968) Fragmental debris., Geology, 
Television observations from surv^or: Pait II of Surveyor Project 

Fitipl. Renorb . JEL Tech. Rept, 32 - 1^5 1 P. 69* 
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The crater in the center of the field of this stereo model is 
about 100 meters in diameter, fresh in appearance and has an obvious 
raised rim of ejecta. The floor of the crater is filled with angular 
boulders which are as large as twelve meters across. These were undoub’b— 
edly excavated the cratering event. The present author has seen 
few boulders in natural situations as clearly angular as the large j 
pyramidal boulder on the rim of the crater on the uppper left side. 

On the rim of the crater, there are many angular boulders, but 
in addition, there are many which are noticably less angular. The rim 
deposit is probably a mixture of newly excavated raateiaal with material , 
from the pre-crater surface. Outside of the ejecta blanket, particu- 
larly well displayed on the left, there are accumulations of unzoned 
debris similar to those noted on the first stereo model. Above this 
accumulation, there is a section of the slope which contains nearly 
buried, subdued appearing boulders also similar to those noted on the 
prior model. 

Three discrete stages of slope development seem to be represented 
by this debris. During the first stage, the relatively srounded, nearly 
buided boulders were formed and th^ were incorporated in a matrix of 
fines. During the second stage, the slightly rounded, unburied boulder 
accumulations formed. Finally, the cratering event pmduced the ex- 
tremely angular, excavated boiolders in and around the crater. It is no-b 
clear if the three boulder types resxilt from distinct time-separated 
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processes or if the three types represent a continuous process of slope 
eTolation. The apparent absence of partially buried boulders and the 
dissimilar degree of funding represented by each boulder type suggests 
that three distinct processes haTe operated at vri-dely separated times » 

Features -glsible on the central r'i'tle wall section . Stereo model 
number 3 illustrates a portion of the mid-slope section of the rllle 
wall. At this le-rel, there is no outcrop. There are few zoned debris 
accumulations although a small one is bbsei^ed on the right side of the 
model. These photographs particularly illustrate the two oldest 
boulder categories. There are maxy thoroughly buried boulders, but 
many stand out on the slope. The number of one-half buried boialders 
is minimal. 

It should be realized that the boulders in these photographs are 
comparable to the largest glacially transported boulders on eartih. It 
is puzzling as to how they arrived at their present positions without 
breakage assuming they have been significantly moved at all. Some of 
the boulders on the 3cdlle slopes (sizes up to 30 meters across) are 
larger than the joint blocks in the outcrops in the outcrops above. A 
joint spaci n g this large in terrestrial volcanic rocks is certainly 
exceptional. 

As illustrated by this photograph, most boulders within the rille 
have no well-defined boulder trails leading to their present positions. 


89 


There are a few boulder trails T?isible oa panoramic photographs 
(exairole discussed preTiously in this chapter)} but all are easiljr 
associated with recent cratering events. Evidently , most boulders 
have been enrolaced by a process with one of the following characteris- 
tics: 


1. The process did not form trails initially. 

2. The esrolacement took place so long ago that the trails have 
been erased by subsequent erosion, 

3. The boul d ers are in continual movement in some process which 
is so slow that the rate of erasure -of boulder trails exceeds the rate 
of boulder motion. 

The movement of material down lunar slopes has usually been 
assumed to result from small inroact events causing the saltation 
of surface particles. If the results of many impacts are considered, 
net movement of parbicles in a down-slope direction is the most probable 
result. Micrometeorites appear to be an ingjoitanb agent of weathering 
and erosion of the rille v/all. For exan5)le, the banded boulder at the 
top of the talus accumulation on stereo model number 3 has evidenbly 
been differentially weathered to a relief of several decimeters by this 
, Another mechanism proposed by Gold (i960) assumses that 


mechanism 
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particles which attain an electric charge on the lunar surface mairt- 

tain the charge for a long period in the absence of an atmosphere. 

The resulting electrostatie attractions and repulsions magr result in 

down-slope rao'vement. This process has not been directly documented, 

* 

I would like to propose another possible mechanisni for lunar slope 
transport which can be called thermal creep. Thermal expansion and con- 
traction in response to cyclic solar exposure probably causes continual 
slight intergranular readjustmenos in the mass of regolith. On sloped 
surfaces, this wxild cause downhill moTremenb with a slov; time rate. 

Such a process would be particulariy active below boulders because 
reflection of sun light by the rock to the surface in an area adjacent 
to the shadow of the rock would produce a high tenperature gradient 
there, and thus, be more apt to result in differential movement. This 
could be largely responsible for the unexplained excavation which has 
been noted below rocks on lunar slopes anrt which is apparent on many 
bxiried rocks in this stereo model. 

Characteristics of the Profiles : 

In order that unusual profiles could be identified, several char- 
acteristics of each profile were examined to determine ^ordinary* 
appearance. These observations are suromariBed in table 4~2, Tbp 
following general statements are based on the observed profile charac- 
teristics and an examination of each profile location using panoramic 
photographs. 
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1, The TiBtial profile shape is a synmietric 7— shape with a rotmded 
bottom and mildly concave limbs. 

2. U-shaped profiles are related to craters or adjacent mountain 
slopes which have probably contributed material to the rille. 

3« There is no consistanb evidence indicat idg natural leevees. 

4. Isyinmetrj of profiles can be explained by various post-idlle 
formation processes such as infilling by cratering or erosion from adja- 
cent slopes. Some curved sections have distinct a^srmmetiy suggestive 
of slip-off slopes and cut banks in stream .channels. This could be 
equally well explained by more extreme weathering after rille formation 
on the sharp inside comer of the curve. 

■5« On the other hand, weathering and erosion m^ have destroyed 
asy mm etries which existed after rille formation. 

« 

6. Much of the cliff and bench appearance is related to visible 
outcrop, 

7. ' The mare surface slopes toward the mountain side in the southern 
extremity of the rille, toward the mare side around the landing site, 

bub both sides of the mare slope in toward the rille in the mid-section 
of the southern rlUe segment, 

8. The mare surface at the idlle edge is higher on the mare side 
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Table Observed profile characteristics. 


Characteristic 


Profile location 
Straight channel 
Gsntle cnrve 
Shaip chjrve 
Tery sharp curve 

Profile synanetiy 
Symmetric 
Ab^mmetidc 

Profile shspe (based on appearance 
of bottom curve jolni ng the two 
opposite slopes) 

7-shape fex. : profile 6) 

U-shape (ex.: profile 23 ) 

(the exaniples are borderline 
cases) 

Cliff and bench tcpogr^hy 
Present on 
Possibly present on 

Mare slopes to the side 
Mountain 
Mare 

Both sides slope to rille ' 

High side of rille 
Mare 
Mountain 
Even 

Ill-defined 


Number of profiles with 
characteristic 

Brewer^ Wu? Total 


14 4 IS 

7 2 9 

6 0 6 

•11 2 


19 5 24 

8 3 il 


18 5 . 23 

6 3 9 


5 

7 



5 

7 


S3 H 

4 2 o 6 

8 3?^ H 


71 8 

9 5 14 

32 5 

8 8 


figures 4-6 to 4—17 this dissertation. 

S. S. C, et al . (1972) Photogramraetry of ApoUo-15 Photography: 
in At)ollo-15 Preliminary Science Heuort T NASA SP-289, Vlasbiu^on, D.G, 

-^Sraall scale makes judgment questionuable. 


on soTifahem profiles but higher on the mountain, side around the landing 
site. The high side heads to be the mountain side at intermediate lo- 
cations, but this is variable. 

Calculation of Inmar Erosion Hates 

The piobable infilling of the ri.lle with material eroded from Hill 
305 has been noted in this chapter. If one assumes that the channel 
in this section was originalHy similar to the remainder of the southern 
section of the rille, the amount of deposition can be calculated. This 
provides an estimate of the amount of erosion from Hill 305, 

In order to accon^tlish this, the cross-sectional area of the rille 
was established for each profile location without an obvious disruption 
using a polar plani meter. These values were averaged to give the 
statistics in table 4-3* 

Table 4—3. Results of channel cross-ssection calculations. 

Profile numbei^ used in average: 1-S, 10-24 (24 in total) 

Average cross-sectional area: L 2 

(square meters) 18,4 x 10^ 

Standard deviation 3*S XvlO^ 

I 2 

standard error x 10^ M 

By con^jarison, the two profiles across the rille under Hill 305 (Pro- 
files number 30 and number 30a, Fig, 4—17) have values of 5.73 x 10^ M 
and 8.21 X 10^ which, when averaged, give 6*97 x 10^ 
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Subtracting these two aTrerage values and computing pooled ccaafi-* 
dunce limits, the amount of in-filling is calctalated to be 11*3 
10^ + 6*5 X 10^ Over the 7*2 kilometer length of channel 

which profiles 26 and 31 seem to represent, this amounts to a -TOlunie 

g Q g- O 

of S,1 X 10 Ir + 4*7 X 10 “ • This TOlunte has been shed from an 
area (orthogonally projected on metric photo without slope correction) 
of about l^S X 10*^ If the material in the rille is assumed to 
represent all the material which has been shed fmm the hill slope, 
this figure implies that at the confidence level, there has been 
between 2S and 106 meters of erosion from the south slope of Hill 305* 

If a three billion year date is assumed for the age of rille formation 
(a data consistent with the mare basalt dates discussed in chapter 2), 
the maximum rate of erosion is found to be about 35 meters per billion 
years* There are obvious objections to this argument, but it suffices 
to establish an order of magnitude for the lunar erosion rate on an equil- 
ibrium slope during Eratosthenian and Gopernican time. 


CHAPTER V 
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THE STRUCTURAL SETTIRG OF HADLBT BH.T.E 


On metric photos of the Apeimine-Hadley region (fig. 5-l) j 
numerous linear and sub-linear stnictural elements can be observed in 
map view. The question naturally arises as to the connection between 
these structures and Hadley Hi, He itself. A careful examination of 
metric photos indicates that a few stinictures (perhaps two) in highland 
areas can be extended to correspond with individual rille segments, but 
that no such correspondence is evident for most riHe segments. It is 
necessary, therefore, to examine the region for more subtle relationships. 

Structural Data Preparation r 

In order to assemble a structural map and to acquire data for 
numerical analysis of structural trends, the following technique was 
adopted, A photomosaic of strips from metric photos 15-0991 to 15-0995 
was assembled and glued to a hard backing (fig, 5-i) , The mosaic was 
then examined strip by strip imder the large fornat stereo viewer (des- 
cribed in ch, 3) using the appropriate stereo companion for each strip 
in turn, Afber a preliminary examination of the mosaic, a sheet of 
matte surface nylar, upon which the structures could he traced, was 
taped over the mosaic. Then, with the stereo viewer still in position, 
the structures were located, plotted on the nylar, and an identifying 
number was assigned to each. The matte surface nylar transmitted 
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enough of the image from the mosaic that good stereo fusion was possible 
during the plotting. This allowed relief to be used as a prioaiy 
criterion in distinguishing structures in addition to tone and textural 
differences* 

This technique was deTeloped by the author after rev±e\i±ng 
reports describing difficulties in interpreting lineaments visible on 
ApoUo-15 photography. In particular, Howard and Larsen (1972) have 
concluded after laboratory experiments involving the photograpiy of 
random surfaces that illusionary lineament patterns my exist on much 
lunar photography. Char act eristicalJy , these patterns are most ob- 
servable at low sun angle and appear to fonn a grid which is symmetri- 
cally disposed about the direction to the sun. The angle between the 
gi*id pattern and the surface projection of the stni vector varied from 
15° to 55° increasing with the sun angle. The authors conclude that 
serious difficulty my be encountered distinguishii^ real and imaginary 
lineaments on low sun photography, Swann et al . (1972) have specifi- 
cally studied the numerous small scale lineaments that appear on the 
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ApoUo~15 groaad~based photography and have published rose diagrams of 
the result. Most of the rose diagrams show a symmetry about the sun 
vector. Th^ have concluded that it is not possible to definitively 
distinguish true lineaments from artifacts of lighting. 

By using relief as a key factor in distinguishing lineaments, 
this bias is probably minimised. The photographs wliich were chosen 
are taken at intermediate sun angles of 21° (0995) to 26° (0991)^* 

These give adequate stereo relief and contrast but should exhibit fewer 
lighting artifacts than low sun photos* An additional advantage is 
that lineaments are not obscured by the relatively small shadows on 
these photographs. 

A total of ISl structures were plotted. As the structures were 
being mapped, they were documented as follows: 

1. The aainiuth of each of the elements was measured using the 
verrd.er anglehead of a EfiE drafting machine. This method of accumu- 
lating angular data from graphics is rapid, accurate (i degree) and 
therefore has much to recommend it, • It must be noted that no correction 
was attempted for the distortion of the structure azimuths due to 
relief of the terrain through which they pass. , Long structures probably 


Lockheed Electronics Go., Inc. (1972) Apollo-15 Index of Mapping 
Camera and Panoramic Camera Photographs , NASA, Houston, 
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average to an approidmateOy correct value and the most meaningful of 
the subsequent statistical tests emphasise the long— length structures. 

2, The type of structure was noted and an appropriate map symbol 
was plotted. In addition, a numerical code was recorded to identiiy 
the structure type for each structure in the data set. The seven 
stiucture types into which all observed structures could be classed 
and the number of observations in each class are: 

a. Apparent grabens (17 or 9*4^) • 

b. Edges of mountain blocks (22 or 12, 55^). 

c. Undifferentiated lineaments (97 or 53*6^) * 

d. Grater chains (17 or 9.A^)* 

e. Apparent volcanic relief features (14 or 7*^) • 

f. Small local systems of fractures (H or 6.355). 

g. The general trend of sinuous rilles (3 or l.*i^)- 

3. The relative relief of each structure was classed as follows: 

a. Obvious relief features (e.g,, Fresnell Rille ^stem), 

b. EasiHy seen on metric photos (southeast segment of 
Bradley Rille) , 

c. Can be found on monoscopic photo after a search (raary 



fig. 5-1. Mosaic of photographs, ApoHo-l5 metric 991 to 995 used 
for stxTictural interpretation, Conpare with fig, 5-2, 











Fig. 5«2. Map illustratlTig structures 
surrounding Hadley Rllle 


] 
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lineaments) . 

d. Only eTxdent in stereoscopic model (no. l6), 

4« length of each structnre was measured. 

5. The linearity of each structure was indicated with a code 
number. 

The map which resulted from these observations is reproduced as 
figure 5-2, 

To complete the structural data| the position of the mid=-point of 
each structural element was determined and recorded.. This was accom- 
plished by overlaying a metric grid on the map (fig, 5-2) to establish 
a reference system. The position of the grid relative to the lunar 
coordinate system was recorded so that the metric measurements could 
be transformed into lunar latitudes and longittides. The conroleted 
structural data set is listed in appendix two, 

Helationship of Structures to Adjacent Basins : 

In chapter tero, it was noted that the structures in the Apennine- 
Hadley region appear to be generally circumferential or radial to the 
Imbrium Basin, but that the preceding Sere'nitatis and Taporum Basin- 
forming events must have affected the region as well. One use of the 
structural data is to examine the relationship between basins and 
structures . 


Seyersl authors have discussed the structures which are circtun- 
ferential and radial to lunar basins: 

Hartmann and Kuiper have published a series of papers discussing 
the gross structure of Itinar basioa, Hartmann and Kuiper (1962) is 
a report detailing the positions of concentric ring structures around 
an the telescopically observable lunar basins, Hartmann (1963) pub- 
lished a detailed study of the radial structures surrounding the Imbrium 
Basin, This paper also conta in s an extensive bibliography on the 
Imbriura Basin structures. The papers by Hartmann and Kuiper establish 
the existence of the concentric and radial patterns without doubt, 

Carr and El-^aa (1971) consider the northvrest facing scarps of 
the Apennine Mountains to be a major structural boundaiy delimiting the 
edge of basin-fill deposits. They also suggest that basin-radial faults 
are to be foxind in the jnotmteiQS outside the basin, 

I 

Mutch ( 1972 ) discusses the pi’osence of concentric ri lies surround- 


ing the Humorum Basin 
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Basin related dlrectioas . The present author decided to investi- 
gate the question of the relationship of these structures to the adja- 
cent basins using a direct approach. A general equation 'sras ■written 
which gives the azimuth from sixy point on a planetary surface to any 
other point given the latitude and longitude of the pair of points. 

The analysis of this problem which is given in appendix one yields the 
following result: 

Sin(Lr,) - S x Sin(Ln) 

Cos(A2) — A ' 

Cos(L^) X (1 - 

where 

y 

S ^ [Cqs(L^) X Cos(L 2) 3 X [Cos(W2 - W^) + Sin(L2) + Sin(L^) 3 

AZ is the desired azimuth from point 1 point 2 (note that on a 
spherical surface that the azimuth is not the same as the back 
azimuth. Th'us, some care must be taken to substitute variables 
correctly.) 

Lj and I 2 latitudes of points 1 and 2 respectively. 

aJ^d W 2 are the longitudes of points 1 and 2 respectively. 

Upon the conpletion of this analysis, a program was written to use 
this equation and the position data taken for the mid-point of each of 
the measured structures to conroute: 

1. The direction to the center of the Imbrium Basin from each 
structure . 


105 


2. The direction to the center of the Serenitatis Basin from 
each structure* 


3* The directions at each structure location circumferential to 
each basing that is, azimuths at 90 ° "the radial azimuths described 
in 1. and 2, 

For purposes of this numerical experiment, the coordinates of the basin 
centers were estimated from the map by Wilhelms and McCauley (1971) • 
The OTOrall results of these calculations are listed in table 5—1 sud 
displayed graphically in figure 5-3 * 


Table 5— 1* Haages of computed directions from structural elements in 
the Apennine-^iadley region radial and circumferential to 
the Imbrium and Serenitatis Basins. 


Direction 

Radial to the Imbrium Basin 
Circumferential to the Imbrium Basin 
Radial to Serenitatis Basin 
Circumferential to Serenitatis Basin 


Range of Values in the Region 

H55.6W to N64.9W 
H26.0S to M34.4E 
N76.IE to NS9«5S 
K0.5ti to HI 3 . 9 W 


Classification of stiuctures according to azimuth . It can be seen 
there is a considerable angular difference betvreen these values j 


that 
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Fig. 5-3. Basin-related directions which form the basis of the 
structure classification by azimuth. 
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that is, Sererd.tatis— related directions do not correspond to Imbri'om- 
related directions. 5?his fact is presented graphically in fig. 5-3* 
Thus, the possibility arises that the measured structural azimuths might 
be classed and discussed in terms of which con^juted basin-related direc- 
tion the measurements roost closely approximate. If the Serenitatis 
radial directions throng this region were similar, for example, to 
the Imbrium radial directions , such a classification would be ia^x^s— 
sible. 

Accordingly, the congjuted azimuths from the center of each 
structure radial and tangential to each basin were cofi^jared to the 
azimuths which were actually measured for each structure. Then, the 
individual structures were grouped according to the basin direction 
>a,th which they were most closely associated. The overall results are 
as follows: 

1, Forty-eight (4S) of the measured structure azimuths or 26.5/^ 
fall closest to the Imbrium radial direction (within + 22°) , 

2, Fifty- five (55) of the structure azimuths or 30*4^ fall 
closest to the Imbrium circumferential direction (within + 25°) . 

3, Thirty (30) of the structure azimuths or 16,6^ fall closest 
to the Serenitatis radial direction (within + 24°) . 

4, Forty-eight (4S) of the structure azimuths or 26,5^ fall clos- 
est to the Serenitatis circumferential direction (within + 24°) , 
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ResTilts of stractTiraLl calculafcions , The nomerical resTilts of 
tihesse calculations are presented in eppendlx two« In order to allow 
interpretation, the results have been sunimarized and presented in two 
formats. The first is graphical and the second is cartographic* 

Histograms , Figure 5”4 contaiiK three graphical displ^s of the 
set of structure azimuths. The bottom gr^h is a histogram with a 1° 
class width of the number of measured structures fallitig in each 
interval. Plotted above this is a second histogram of the same data 
grouped with a class width of 10°. Plotted at the top of the diagram 
is a graph which represents the 1° class width histogram except that 
the 1° frequency values have been smoothed according to Spencer*s 
eurve-smoothiag technique* (The use of this formula is detailed in 
ch. 3») It can be noted that the smoothed cuarre gives a much better 
representation of the oscillations in the frequency distribution than 
does the 10° class width histogram. 

In order to display the results of the preceding numerical experi- 
ment, the ranges of the calculated basin-radial and basin-circumferential 
azimutis have been superimposed as vertical lines on the graphs. In 
addition, figure 5’-k- indicates the range of measured structure azi— 

Bttths which is associated vd-th each of the four basin-related structural 
directions. 

On the histograms (fig. 5-'4) » several, significant factors are 
evident: 


r„ 
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1. The Imbrium circumferential and the Serenitatis radial direc- 
tions are represented by weH—defined peaks. The stmctures with 
east-west aaimuths are iinusual in the lunar structural pattern, 

Elston et al , (1972-) have noted a moon-wide absence of structures vTith 
an east-west strike, 

2* The Imbritra radial direction is represented by a well- 
defined peak which is not as large as might be eiroected, 

3. The Serenitatis circumferential direction seems to be repre- 
sented by a trough^ but an examination of the 1° class interval histo- 
gram indicates that seiraral structures t-jith a north-^outh strike 
constitute a peak, 

4. A semewhat puazling observation is that the largest peak on 
the smoothed curve; as well as both histograns, falls at the division 
between the Imbritna radial and the Serenitatis circumferential expected 
ranges at an asimuth of 144° • 

These frequency distributions indicate on]y the number of points 
falling in each aaimuthal class interval with no indication of the 
relative importance of the different structures. In order to give 
weight to the ma;]or structures, a smoothed curve showing the percentage 


in 


o£ structui's length failiiig in each aziranthal icriierval has also "been 
prepared (fig. 5-7). Con^arison of the two smoothed ctirvss (figs, 5-*7 
and 5-4) illustrates the following points: 

1, “With one exceptioaj ail the major pealis are still present. 

The exception is at 12^ „ 

2* The Imbrinm-r elated peaks haTe become higher at the expense of 
the Serenitatis-r elated peaks. The east-n^est Seressitatis radial peak 
has become very small. 

3* Ihe peak at the bomdary between Imbriura radial and Serenita- 
tis circumferential ranges has considerabiy diminished. 

Thus, in comparison, the structures which haw asimutte associated 
with the Imbrium cifctiraferential and radial directions are the struc- 
tures vrith the most surface expression. This is what one would expect 
from the chronology of the region. 

Interpretive structure maps . These graphs, while giving a good 
indication of the distribution of measured azimuths relative to basin- 
related directions, fail to illustrate individual relationships. In 
ordei* to display which specific fractures appear to relate to each 
basin, two additional maps (figs, 5-5 and 5-6) have been drawn. The 
information for these figures obtained viith a program segment 
which listed for each structure the basiii-felated direction which its 
azimuth most closely approximates. (This is not to inp3y that all 
structures are basirtr-related — only that they have been so classed,) 


APPARENT 6RA8ENS 


-r^^EDGE OF MOUNTAIN BLOCKS 

. UNDIFFERENTIATED LINEAMENTS 

o— c— CRATERS a CRATER CHAINS 

APPARENT VOLCANIC RELIEF 
FEATURES (DEPRESSIONS) 

SMALL LOCAL FRACTURE SYSTEMS 
SINUOUS RILLES 
ASSUMED ELEMENTS 


GENERALIZED BASIN BOUNDARY 



Fig* 5-5* Structures apparently related to 
the Imbrium Basin . .. 
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5he maps were then prepared tracing the structTn-es related to each 
basin on separate sheets. Examination of these maps indicates the 
following: 

1. Most of the major structiires in the region appear to be 
Imbrltm^-related (fig, 5-5). Structxire numbers 72, SO, 9t 15^, 131, 

132, and 90 on the Serenitatis map (fig. 5-6) are important exceptions 
to this rule. 

2. However, there are significant Serenitatis— related structures 
even within the Iiribzduin Basinj for exanrole, 15S, I79, I69, 9 (fig. 5-6). 

3. There is an imporbcinb group of structures related to the 
Serenitatis radial direction which strike northeast across the 
Apennine-Hadley region. These include structure numbers 15S, 80, 9, 79? 
91? 99? 39? 36, 18 and other smaller structures (fig. 5-6), 

4. The arcuate depression at the south end of Hadlsy Rille 
appears to be closely related by virtue of its orientation to the Sere^ 
nitatis circumferential direction, both with respect to its strike and 
its concavity (fig. 5-6) . 

5. Post-mare filling fractures around Hill 305 (nos, 24, 27, 29 
and 30) appear to be related to Serenitatis directions. 

Conclusions . On the basis of these graphical and cartographic 
analyses, the following conclusions are postulated; 
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1. Although, the ma;jor- stractures are Imbrium-related, maujr of 
the linear feattires jji the Apemiine^adl^ region are fractiires 
related to the older Serenitatis event, 

2. In particular, the arcuate depression at the south end of 
Hadle 7 Hille is probably related to an old Serenitatis circumferential 
fracture which was subsequently obscured by Imbrium ejecta or the 
upthrusting of the Apennines. 

3. Some of the post-^are filling structures around Hill 305 
appear to be related to Serenitatis fracturing and therefore rep- 
resent much more extensive fractures than their limited surface ex- 
pression implies. 

4. If the Serenitatis event is still structurally evident in this 
region, the Vaporum event may be too. The Vaporum Basin has been 
thoroughly obscured ty subsequent events so that it is not possible to 
accurately locate its center. It appears to be somewhat east of due 
south of Hadl^ Rille (fig. 2—1), If so, the Taporum circumferential 
direction would roxighly correspond to the Serenitatis radial direction 
and the VapoCTmt radial direction would correspond to the Serenitatis 
circumferenbial direction in the Hadley region. Thus, fractures on the 
Serenitatis-related map (fig. 5 ~^) could well be old Taporum fractures 
which have subsequently been remobilized twice j once, by the Serenitatis 
event and finally, by the Imbrium event. Such a sequence of events 
could explain the frequency peak falling between the Imbrium radial and 
Serenitatis circumferential intervals on figure 5 - 4 » The fractures 
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represented by this peak might never have been mobilized by the 
Serenitatis and Imbrium events if they had not been initiated by the 
Vaporum event. 

Thus far, this chapter has discussed relationships betwe ,u struc- 
txires and the surrounding basins. The relationship of the Hadley Rille 
to the structural setting remains to be discussed. This subject will 
be anproached in two ways. First, the directions taken by various 
segments of the rille are compared with the structural azimuths measured 
in the region. Second, the density of structures in the region is 
investigated to show how the rille is related to the amount of assumed 
fracturing. 

Comparison of Rille Directions VJith Structural Directions i 

The author is aware of one detailed investigation of the relation- 
ship between the rille and feurrounding structures. This vias performed 
by Howard et al . (1972)' who have published rose diagrams of predominant 
azimuths observed in the southern and northern section of the rille and 
compared these to the directions frera the center of the Apennine-Hadley 
region radial and circumferential to the Imbrium Basin. They have 
concluded that in the southern section the rille shows no structural 
control, whereas there may be some control by Imbrium radial stmctiares 


in the nojrthem segment 


As shoTild be evident firora the preceding discussion, the structural 
situation in the region is more complex than a sitigjle grid of Imbrium 
radial and circumferential azimuths. Therefore, a more detailed com- 
parison seemed necessaiy. In the present studtjr, the comparison has 
been carried out through the use of statistical tests on actual numer- 
ical data. Frequenq/ distributions have also been plotted for visual 
comparison. Comparisons have been made between several classes of 
data which are described below* 

Stzucttiral aaimuths . Various sub-sets were extracted from the 
main set of stiuctural data described earlier in this chapter. The 
extraction was accomplished machine using the following technique: 

1. Punched cards were prepared with a numerical code which 
detailed the characteristics (azimuth, length, structure type, relief, 
regularity) for each of the 181 measured structures. 

2. A p3TOgram was written to conveii; the descriptive parts of 
this data (structure type, relief, regularity) into a SO-^digit binaiy 
number, 

3. Selection cards were prepared, each of which also contained a 
20-digit binary number. The number on each of these cards represents 
a combination of characteristics which characterizes a sub-set of the 


main structural data, 
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4. The binary numbers on the selection cards were read, compared 
for correspondnece ?ri.th the intemaUly generated binary numbers, and 
the azimuth and length of structures with characteristics which fit 
the specifications on the selection cards were stored for subsequent 
punching onto new cards. In this fashion, the lengths and asirauths 
of all the structures with any desired characteristics could be 
grouped as a data set for subsequent statistical comparison. 

R13.1e azimuths . A set of azimuths and their associated lengths 
which characterizes the directions tahen by the rille channel was 
obtained from a set of x— y coordinates of the rille obtained with the 
Mann cong)arator. This data is fully described in chapter six. The 
azimuths were computed by considering the rille to be a graph in x-y 
space and then computing the slope of lines connecting adjacent 
measured x-y points. These slopes were then converted to angles 
relative to north. There are 152 measured x— y coordinates which 
characterize the rille so that 151 azimuths were found between ad ja- 
cent points. In addition to the azimuths, the distances betvreen 
adjacent points were also tablulated. The resultant azimuth and 
length data sets were pnnched on cards for subsequent processing. Once 
the main set of rille azimuths was formed, two additional sub-sets were 
punched to characterize the northern and southern section of the rille 
separately. The southern azimuths and lengths are those between points 
1 and S4 (fig« 6-2) and the northern sets run from points S4 to 152 . 
This data is listed in appendix two. 


V.,.' 
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S-fagfaistlcal comparisons of the dai;a . The obvioiis hon-fnoi'nial 
distrahutioas displayed ty these data sets (figs, 5-7 5-®) makes 

the con^jarison of them meaaiagless if most simple classical parametric 
statistical tests are tased. After some experimentation, the following 
approaches have been developed. 

1, Gouparison of frequency distributions. Frequency distribu- 
tions have been formed from the various data sub-sets described above. 

The frequency distributions record the percentage of length of observed 
structxires which fall into each 10° class interval that is, the percent 
lengths are grouped into IS azimuthal intervals between 0° and 1S0°, 

The 10° class width is greater than the irregtfLsiity in strike direction 
displayed by most individual structures. Some of these frequency 
distributions form the basis of the histograms (figs, 5—7 s^ad 5-^)- 

Different frequency distributions have then been compared for: 

a. linear correlation. 

b. Rank correlation, 

using the Pearson product moment correlation coefficient and the 
Spearman rank correlation coefficient i^spectively. These two tests 
each yield a numerical correlation coefficient which allotre the determin- 
ation of the probability of a direct or inverse correlation between 
the frequency distributions, A positive results of these tests indicates 
that at a certain level of confidence, a correlation exists between 
the frequency distributions. 




pe^ce^r of lewth * ^ach angular interval 
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2. Comparison of cnnnilatxve fi-equency distributions. Percent 
ctunalative frequency distributions of the number of structures in each 
1° azimuthal interval have been formed for the various data sub-sets. 
Different distributions have then been compared to find the maximum 
difference in cumulative frequency which occurs throu^out the 0° to 
180° azimuthal interval. This difference which is called the maximum 
deviation can be compared with theoretical distributions to determine 
the probability of finding the observed difference in two samples 
drawn from the same population, A positive result of this test 
indicates a small probability of observing the observed difference 
and thus can be taken as an indication of lack of correlation between 
the two samples. This test which is called Smirnovas maximum devia- 
tion test for identical populations has the foUovdng attribute accord- 
ing to Bradley ( 1968 )^. 

"The present test is appropriate when the experimenter wishes to 
2 

test the of identity against general alternatives of nonidentity 
and does not wish the sensitivity of the test to be concentrated upon 
one aspect of nonidentity (for exan 5 >le, different median value or 


^radlLey, J, 7, (1968) Distribxrtion-Free Statistical Tests , 
Prentice Hall, Englewood Cliffs, jJew Jers^, p, 288. 

is the null hypothesis — a postulate conceamaing the data v/hich 
the experimenter can confirm or reject by statistical test. 
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■uneqaal location - n?y note) at the expense of most others,” 

A 

Thus, this appears to be a general test to detect dissimilarities in 
the overall characteristics of samples. 

The essential difiereaos between the correlation approach and the 
maximum difference approach is that the first assumes that no correl- 
ation exists and seels to show the contrary j whereas, the second assumes 
a similarity betv/een the two distributions and then expresses the 
probability of a difference. Thus, the two methods are con^liraentary." 
The first of the txro tests is probably the most significant because of 
the emphasis placed on major structures by the accumulation of length 
values in the frequency distributions, 

Suimaary of statistical tests . Table 5-2 is a summary of the sig- 
nificant tests which have been performed and an indication of the 
results. The table indicates the following generalizations: 

1, No statistically significant direct or inverse correlation 

exists between the set of rdlle aaimuths and any set of structure 

elements. The negative correlation coefficients obtained indicate 

that any correlation which does exist tends to be inverse j that is, 

rille azimuths have some' tendency to follow directions not assumed fcy 

structures. Figures 5-9 is a scatter diagram illustrating the lack of 

correlation between the r5Ue azimuths and the set of all structure 

» 

azimuths. 
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Fig. 5“9. Scatter diagram; $ length of riUe azimuth in a 10 
azimuthal intarral va . % length of structure azimuths in the aajis interval 
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2. Althotigh there is no signiiicant linear or rank correlation 
between the frequency distributions, the SmimoT test does not show a 
significant difference between the cumulative freqaenqT’ distributions, 

An attempt was made to resolve the paradox of no correlation but also 
no significant difference hy con^jaring cumulative frequencies of 
structtxre length rather than data points, thus weighting the effect 
of the major structures. Such tests gave significant differences at 
the 1^ confidence level, but this approach ma^jr be inconsistent with 
the basic assumptions supporting the Smirnov test, 

3* No correlation exists between either the north or south ^ 

■ I 

I 

sections of the rille and any set of structural elements, 

4. The Smimov tests indicate that the north and south sections 
of the riHe to have cumulative frequencies considerably different 
than the structure sets, in agreement with 3* above, 

3. Azimuths displsyed by the south half of the rille show a strong 
inverse correlation to those in the noidih. The Smirnov test indicates 

a veiy significant difference. 

Thus, the statistics appear to indicate a general lack of correla- 
tion between the rille and surrounding structures. If the frequency 
distributions being compared were simple uni-modal distribntions , this 
could be vievred as clear evidence of lack of structtural contx^l. How- 
ever, the bi-modal structural distribution evidenced here (fig. 5-4) 
adds another degree of freedom to the situation which leads to two 
possibilities : 



Table 5-2. Results of Representative Statistical Tests. 


Comparison 


Result^ 


VJhole rille compared with all structures 


L.C.G. » -.319 
R.C.G. = -.256 

D « .090 


Inverse tendency, not significant 
Inverse tendency, not significant 
Hot significant 


North ^ of rille compared vjith all 
structures 


L.C.G. = --.027 Not significant 
R.C.G. = .091 Not significant „ 
D « .20s Significant at % 


South of rille compared with all 
structures 


Nhole rille coijpared vxith weH-definad 
structures (total of 129, small, 
irregular, or indistinct excluded) 


L.C.G. -.205 
R.C.G. a -.257 
D = .245 


Inverse tendency, not significant 
Inverse tendency, not significant 
Significant at 


L.C.G, = —.424 Inverse tendency, not significant 
R.C.G, = -.^3 Inverse tendency, not significant 
D = .120 Not significant 


North ^ of idlle con5>ared vrith well- 
defined structures 


L.C.G, => -.152 Not significant 
R.C.G, = .048 Not significant « 
D a .262 Significant at 1^"^ 


South ^ of rille compared idLth weH- 
defined structures 


Whole rille compared with all lineaments 


L.C.C. ** -.125 
R.C.C. » .04s 

D = .215 

L.C.C. = -.183 
R.C.G, >= -.126 
D = .089 


Not significant 
Not significant 
Significant at S 

Not significant 
Not significant 
Not significant 


‘X.C.C, = linear correlation coefficient f R.C.G, «s ranlc correlation coefficient, and D » Smirnov's 
maximum deviation. 

^och, G. S, and Link, R, F* (I97O) Statistical Analysis of Geological Data , Vol. 1, Wiley, New York, 
appear to suggest that a 10^ 3?isk level is significant for geologic problems. 
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Table 5-2. Results of Representative Statistical Tests, cont^d. 


Comparison 

Result^ 


North of rille compared ivith all 

Ii*C»C* 

_ 

-.12S 

lineaments 

R,C*C, 

aa 

-,192 

• 

D 

- 

.265 

South ^ of rille compared xvith all 

L*G*G. 

ts 

.012 

lineaments 

R.C,G. 


.123 


D 

= 

.211 

North ^ of rille compared with south 

Xi*G*C« 


-.774 

■§• of rille 

R,G»L/» 


-.609 


D 


! 


Not significant 
Not significant ^ 
Significant at 


Not significant 
Not significant « 

Signifieajot at 5^ 


Inverse correlation probable at 
Inverse correlation probable at ijo 
Significant at 1?S 


•*Tbid. 

^bid . 


oi CM 
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1* There may be no stmcttiral control oyer the rille in which 
case the statistical resnlt is taken at face yalne, 

2. One structnre direction may give a predominating structural 
control to the exbent that the other structure direction which appears 
as a hunrp in a structure frequency distribution has no correlatiye 
him^) in a particular distribution of riUe azimuths. This lack of 
correlation for one structure direction may yield a nonsignificant 
correlation' coefficient even if total stjTUctural control existed in 
the other structure direction. 

The next section is an examination of the graphical displ^s of the 
frequency distributions which allows some discrimination between 
these alteriiatiyes. 

Graphical comparisons . Figures 5-7 aud 5-S are frequency distri- 

butio 3 is of the most significant data sub-sets. Two graphs have been 

prepared for each sub-set j one is a histogram vri.th a 10° class iiaterval 

o 

and the other is a 1 histogram smoothed by Spencer* s formula. In 
order to emphasize the major structures, these diagrams represent the 
percent of structure or rille segment length which is found in each 
azimuthal class. This is in contrast to fig, 5-4 which indicates the 
number of observations in each class. The histograms serve to give a 
gross con^iarison and the smoothed curves show more detail. This type 
of graphical display is used in preference to rose diagrams because 
Cartesian cooidinates avoid the distortion of the wedge-shaped seg- 
ments of a rose diagram (discussed in Harbaugh and Merriam, 
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1966)^. Also, the "ose of Spencer's foimula is facilitated, and 
con^jarison between diagrams can be made easily by pro jecting verti- 
cally from one carve to the next. 

An examination of these figures indicates the following points: 

1. Peaks on the ^^lole rille smoothed curve tend to correspond to 

troughs on the curve of all structures. This explains the tendency 
toward negative correlation observed between the whole rille and differ- 
ent structure sub-sets, • 

2. The whole rille distribution is far more diffuse than the 

clearly bi-^nodal distribution of structures. / 

3. The inverse correlation between the north and south sections 
is obvious, 

4* The north segnent of the rille displays a well-defined peak 
(70*^ wide, 100*^ to 170*^) which grossly compares to the wider (lOO^ wide, 
80° to 180°) peak which represents southeast striking structures, 

5. The southern segnent displays a peak [110° wide or 350° (;= 170°) 
to 100°] which corresponds to the peak of northeast striking structures 
(60° wide, 10° to 70°), t»ut the rille' s histogram peak is about twice 
the width of the structure peak. 


^arbaugh, J, and Merriam, D. F, (I968) Computer Applications 
in Stratigraphic Analysis , Wiley, New York, 
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Examination of the photomosaic of the region (fig. 5-1) indicates 
a physical basis for these observations. The southern half of the 
liHe occupies a valley which strikes northeast in the Irabrium circum- 
ferential direction. Because the rdlle occupies a longitudinal 
position in the vaULey, it is necessary that aaimuths measured for 
this section should cluster in a diffuse group about the northeast 
direction. Because the structure asimutte appear so much more concen- 
trated than the rille azimuths , it is felt that individual rille seg- 
ments are not directed hy bedrock structure in the southern section. 

By contrast, the northern section does not occupy a well-defined 
valley. The fact that the northwest striking rille aziaauths form a 
tighter cluster than the northwest grouping of the structure asirauths 
is therefore significant. An examination of the photoraosaic indicates 
that Hill 305 is one stiructure element which effects obvious control 
over the rille. The segment adjacent to the Apollo-l? landing site 
(fig, 2-3) is a similarly directed sub— linear segment, but without 
obvious structural control. Because of this obvious control of one 
rille segment and the relatively tigh'^i grouping of rille aaimuths 
about the Imbrium radial direction, it is felt that significant control 
of individual rille segments exists in the noithem section of the 
idlle. In the next chapter, it ^d.11 be shown that the sinuosity of 
this section is less than that of the southern section. The relative 
straightness of the northern section is further evidence of some 
linear controlling factor. The possibility of structural control of 
the linear segnent adjacent to the Apollo~13 landing site has some 
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sigiiificaiice in Interpreting the constrictioa in that section of the 
rille (ch. 7)» 

In smamaryj it appears that the diffuse distribntion of rille 
azimths ai^presenting the whole rille results from the summation of 
two more concentrated groupings coirresponding to the northern and 
sotibhem sections. The southern section is influenced by no direct 
structural control y but its aaimuthal distribution as a whole is 
influenced by the rille *s Tall^-central position. The tight 
grouping of the northern rille aziuniths indicates control of individual 
segments by Imbrium radial elements. The strong inverse correlation 
between the asimuths of the two sections is a result of these two 
factors. This interpretation is consistent vdth the statistical and 
graphic evidence. 

Fractures Associated With the Bill.e i 

Although the course of the riHe is for the most part not directed 
Tiy* pre-existing structures, such structures in some way have been 
involved in the formation of the rille. In order to investigate the 
overall association of the rille with structures, a fracture density 
map (fig. 5-10) was prepared. This map is predicated on the assump- 
tion that all the observed structures vjxth the exception of sinuous 
rilles represent fractures in the basement material. The map was drawn 
by overlayi33g a. metric sampling grid on the original 19 x 37 cm. 
structure map (fig, 5—2) . Then the total length of structures 
measured in miUiraeters in each 2x2 cm, block was measured and 
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■bhe result was recorded at the center of the block. The result was 
an arra 7 of numbers at 1 cm. vertical and horiaontal intervals (since 
overlapping blocks were used) which was stiitable for contouring. The 
resulting map (fig. 5~10) has contour lines which represent the length 
of obsearyable fracture in, the surrounding area. Because of the 
arbitrary scale of the metric photos which form the basis of the 
original map, the units of fracture density are arbitrary, but a value 
of 20 (indicating a length of 20 mm, in a 2 x 2 cm, square at map 
scale) indicates that on the ground, 16 kilometers of structure 
length can be expected in the surrounding 1^ x 16 km. square. 

These observations have been made concerning this map: 

1, Only visible structures are mapped. Several processes have 
conspired to obscure structures — ^the most prominent of which is mare 
filling. This explains the major areas vrith aero structinre density. 

2, The highest structure densities are associated with the 
Bradley and Fresnell RiHe systems. 

3, A high density expends east from the Fresnell Eille system 
across Fresnell Hidge, 

- 4. The constriction at the raidsection of the rille is associated 
vrith the extreme structure de33sity around Hill 30?. 

5. The arcuate depression at the south end of the rille is in a 
region of high structure de33sity. 


CONTOUR MAP OF FRACTURE PATTERN 



[ .KILOMETERS 

Fig, 5~10, Contour map of Fracture pattern based on the relati^vB length density of lineamenta 
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S’UBimary of Structural Helafalonships i 

The preceding analysis indicates seTreral pertinent relationships 
between the riHe and its surroundings. The immediate vioinity has a 
conrolex set of fractures which are apparently related to at least two 
basin-forming events. The location of the rille itself is constrained 
fcy raa^or structures, such as the faults bounding the Apennine Moun- 
tains, Some segments in the northern section seem to be directed 
pre-existing structures. Some parts of the rille are associated with 
areas of high structure density. Particularly notable in this regard 
are the arcuate depression at the south end and the interruption 
northwest of the Apollo-15 landing site. 
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GHAFEER 71 

HGMBEIGAL DESGHIFTIOH OF HADLEY EIZIE 

< 

This chapter is intended to provide a numerical description of 
Hadlejr Hille. The firsh sections of the chapter discuss the determina- 
tion of basic rdlle parameters: lengths, widths, depths, etc. This 

is followed by a discussion of derived relationships such as sinuosity, 
meander wave length, and width/depth ratios. These values are then 
cou^jared with those found by other observers for other rilles. The 
final sections of the chapter discuss statistical relations and between 
parameters. Most of these relationships are presented graphically as 
well. Throughout this chapter, there is considerable emphasis on 
achieving a known degree of confidence j confidence limits are speci- 
fied whenever possible, and a dual approach is used for deriving several 

conclusions. Data and calculated values not listed in the text will be 

. , ^ 

found in appendix three. 

Physical Dimensions of the Hi lie : 

Several techniques have been used to measure lengths of rille 
se^nents, the width and depth at specific cross-sections and other 
numerical characteristics of the riHe, This section is a summary of 
these results and techniques, ' 

Gross lengths along the rille . The tip-to-tip extent of the riHe 
and the length of several sub-sections have been established by direct 
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measurement on metric photos M15-414 and iI15-5S6. These are straight 
line map distances indicated on figure 6-1 and reported in table 6-1 
which are intended to establish the gross size of the rille* These 
values were obtained hv measuring the photo distances between point 
on paper base metric photos using a vernier caliper and converting to 
ground distances using the focal length and flight altitudes published 
by Lockheed Electronics (1972) . On an undistorted ve 37 tical photograph, 

Ground distance _ Flight height 

Photo distance “ Focal length 

which allows the determination of ground distances (Tewinkel, 1966) . 

The photos were scaled by measuring the edges and computing the enlarge- 
ment compared to the original metric fonnab. The corresponding ground 
distances obtained from the tvro different photos agree to within + 200 
meters which probably represents the precision of the measurements. 

The accuracy, estimated to be about is probably limited by differ- 
ential shrinkage of the paper, uncertainty in the flight height, 
possible tilt in the camera system and slight parallax due to the 
unevenness of the mare surface. 



(jnra. photo) 

(kn. gad.) 

(nrai. photo) 

(ion. gnd.) 

■ 

a-b 

95.SO 

76.5 

95.0 

76.6 

76.6 

a~c 

90.SO 

72.5 

90,0 

72.6 

72.6 

b-c 

5.60 

4.5 

5.55 

4.5 

4.5 

d-e 

10.20 

d.l 

10,10 

S.l 

e.i 

f-g 

shadow 


IS.3 

I4.S 

— 

a-h 

60.40 

4S.2 

59.55 

4S.0 

4S.1 

h-c 

63.00 

50.3 

62.60 

50.5 

50.4 

h-b 

6S.70 

54.9 

67.65 

54.6 

54. s 

j-b 

33.45 

26,7 

j poorlly defined 

— 


ZiS.l 

50.4 
54. S 
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U' -PSODUCIBILITY OF THS 
a''.(GiNAL PAGE IS F005S 

Airerage width of the rille » To detemdne the average width of the 
rille and examine the relationship between width and other parameters , 
a set of measarements was made of x-y coordinates of pairs of points 
directly opposed across the rille at 152 locations along the rille# 
Figure 6-2 indicates the locations of these measurements. Since this 
data set is used for a number of calculations, its acquisition will be 
discussed in some detail* 

Measurements were made on the Mann 1200—3 con^jarator (described 
in ch. 3) on fnlm base photographs. The inherent accuracy of the Mann 
coniparator is .001 mm. which corresponds to. a ground distance of 10 
meters. This is the same order as the resolution of the photographs so 
that no information is lost. The Mann con^jarator is not a stereoscopic 
instalment so the location of the edge of the lolle was established by 
observing differences in texture, albedo, and tone. The photograph 
chosen for measurement was number 15— i{l6 which displays the folloviing 
characteristics! 

1. It provides maximum contrast between the light reflected from 
the rille walls and that from the adjacent mare surface. 

* 2, It minimizes the proportion of rille length which is obscured 
by shadows cast ty the Apeniiines. 

3« It provides adequate "contrast in the relatfve3y obscure 
northern portion of the rille where the east-west channel orientation 
results in poorer contrast than present in other segments. 


N 
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The measuremenb locabions were neither randomly chosen nor 
equally spaced. In order to give the best graphic portrayal of the rille 
(fig* 6-4) » the measorement locations were selected so that changes in 
the rille width cOTild be accurately represented in the data* This data 
set leads to a Talid width-distance graph of the rilled but it was 
necessary to extract randomly determined width measxirements from these 
before calculating the average width. 

This data set was resolved using an IBM 1130 computer. The program 
is a straightforward list of calculatiosas based on the lythagorean 
theorem which determines the distance between two points in x-y space. 
The calculations yielded the following information; 

1. The width of the rille was calculated at each of the 152 
measurement locations. 

2. The distances along the rille channel between the locations of 
the 152 width measurements was calctilated, 

3 . The cumulative distance along the channel from the south end 
of the rille to each measiirement location was calculated. 

4 . Separate summations were made of the length of channel along 
which rille width increased and the length along which width decreased, 

5. A calculation was performed to determine the azimuths of the 
channel center between successive width locations. These are the rille 
azimuths xised for structural interpretation in chapter five. 
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The first of these itenjs is used to conroute the average width of the 
rille and the others are discussed subsequently. 

The measured rille widths have values between 0,22 to 3*20 Ion, 

The largest values are observed at each end of the rille and appear to 
be due to the association of the rille with the arcuate fracture to the 
south and the angular depression to the north. If two kilometer seg- 
inents are excluded ficom either end of the rille, the maxiiiium width is 
found to be under 1,7 hm. In the histograra of measured rille widths 
(fig* 6—3) T 3ll extreme vulues on the high side are at the ends of the 
rille. The minimum width of 0.22 km. occurs at the constriction near 
the Apollo— 15 landing site. If this 8 Ion, length of unusually narrow 
section is excltuied, the minimum width is found to be 0.52 km. The 
average of all measured widths (including extremes) i.s 1,11 km. The 
median value is O .96 km. and the mode is 1,00 km^. The standard devia- 
tion- is 0,37 km. and the standard error is 0.03 km. A listing of all 
values is found in appendix three. 

As discussed above, these measurements are not at randomly selec- 
ted locations, and therefore, the simple arithmetic average is suspect. 
In order to find a *true* average to characterize the rille, two 
approaches were used and the results are in substantial agreement, 
although slightly less than the arithmetic average reported above, 

1, The area of the rille was computed using the 152 congjuted 
widths and the 151 intervening len^hs as factors in the trapazoidial 
rule. The average width was corapubed by dividing the area thus derived 


FREQUENCY 
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by the total channel length. The effect of this process is to weight 
the width measnreraents by the channel length which they represent. 

This gives an aTerage width of 1.0S1 km. The same standard error of 
0,05 probably applies indicating a 90^ probability that the »true* 
average width falls in the range 1*0^ 0.05 km. 

2. A graph of rille width vs. distance along the channel was 

constructed (fig. 6-4) . Forty random numbers were drawn from a random 

number table (Koch and Link, 1970) and multiplied by an appropriate 

constant to give a randomly determined abscissa with which to enter 

the graph. Three g^s in the data set due to shadowing and the 

crater, Hadley C, were assigned to a width value equal to the average 

of 10 values, 5 on either side of the g^. Finally, all the ordinates 

corresponding to the random numbers were averaged for an average width. 

The average obtained from this approach is 1.0&4 km. with standard 

deviation 0.26 and standard error O.O4 yielding a *true» average width 

2 , 

1.0^ 0.07 km, at the 90^ confidence level. 

In addition to the width calculatiois for the whole rille, the 


^och, G. 5, and Link, R, F, (1970) Statistical Analysis of Geo- 
logical Data , 7ol, 1, Wil^, New Tork, p* 339 • 

^t must he mentioned that these two approaches are not independent 
since the graph (fig, 6W{.) is a graphical solution of the trapazoidial 
rale. The second serves to establish a confidence limit more securely 
than the first, however. 


FIG. 6-4 

WIDTH AND CURVATURE VARIATION WITH DISTANCE 
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first method of averaging was eir^loyed to find average widths for seT- 
eral sub-segments of the rille. These are reported in table 6— 2f which 
is k^ed to figure 6-2. 

Depth of the rille . The depth determination for the rille is less 
direct than the determination of other parameters because the whole rille 
could not be covered by* the pan photography used with the AS— UA plot- 
ter* In the southern portion of the rille j the depth coiald be measured 
directly from profiles, but in the north, it has been estimated from 
the width measurements and the width to depth ratio, determined for 
the southern section. 

For purposes of definition, the depth of the riHe in the profiled 
section is taken as the depth below the surrounding mare surface. For 
most profiles, this is defined by l^ing a straight edge across the 
profile so that it touches the mare surface on either side. The depth 
is the vertical distance from the bottom of the loUe to the straight 
edge. On a few profiles, one side does not exhibit a well-defined mare 
stirface and best judgment prevailed. The measurement accuracy is 
judged at + 2 mm. or + 10 meters at the 1:5000 vertical profile scale. 
This is about the same as the standard error of the measurements and 
much less than the variability of the data which suggests that the 
method is adequate. The profile locations are semi-random (although 
dependent on sun vector directions) so the depth data set was' considered 
to be tinbiased. Depth values range from 363 meters to 200 meters, 
although these two values appear to be outliers. The average depth 


Table 6^-2. Basic riHe parameters. Location numbers and letters specified in the left column are k«gred to 
figures 6-2 and 6-1 respectively. All distances are in kilometers. Confidence limits are 
specified where possible and are at the 9C55 level. 


Location 

Point-to-Point 
Grotind Distance 

Average 

Width 

Average 

Depth 

Length of 
Channel 

Sinuosity 

Channel _ 
Volume(km,-^) 

1-152, a-b 

76.5+0.8 

I.O8+O.O7 

0,25+di04 

- 

129.7 

1,68 

17.6+1655 

1-151, a-c 

72.6+0,7 



126.8 



1— BZj., a— h 

4S.li-0.5 

1.23 

0 , 29+0 .04 

62.6 

1,28 

n.o 

S/r-151, ii-c 

50,2(+0.5 



66,3 


7.0 

B4-152, h-b 

54 .S+O .5 

0,95 ■ 

0,2%0,04 

67.2 

1.23 

’ 

117-151, d-b 

26.7+0.3 



31.6 



1-45 


1.39 


29.3 



2)6—64 


1.08 


27.5 



e2r-H7 


0.93 


34.7 



117-132 


0.94 


15.3 



34 - 8 S 

(profiled section) 


1.13 

0,273+0.13 

44.0 


6,8+6^ 

Northern 

depression 




4.5+O.2 



Southern 
depression * 




10.1+0.2 
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of the rille ia the profxlecl region is 273 meters with a standard 
deviation of 37 meters and a standard error of 7 meters* By applica- 
tion of the t-statistic, the 90^ confidence inberral is found to range 
+ 13 meters from the mean, A listing of all the depth values is found 
in appendix three. Figure 6-5 is a histogram of the measured depth 
values, and figure 4—5 indicates the profile locations. 

The northern section of the rille is so obviously different from 
the southern section that it would doubtlessly be in error to assign 
to it the same average depth calculated for the profiled section. If 
we assume that the same width/depth ratio is assumed to hold for the 

i 

northern section as for the south, an approximate average can be calcu- 
lated because: 

average width (from Mann comoarator data) 

arrerage depth = »idth/W ratio profiles) 

% m 

•The bottom of the rille in the north appears flat which implies th'^' 
width/depth is probably greater than in a T-shaped section. Thus, ’this 
scheme will probably give a maximum value. 

* 

The average width dn the northern section is seen in table 6-2 to 
be 0,93 Jim* The average width/depth ratio for the southern section is 
4*30 + 0.75 at the 90^ confidence level (see width/depth ratio to follow), 
Thtis, the average depth in the northern section is estimated to be 220 
meters with an uncertainty of about + 40 meters. This diminished depth 
is in accord with stereo observations of the section. Using the same 
technique, the whole southern section (not limited to the profiled 
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section) has an aTerage depth of 286 + 40 meters, and the rille as a 
whole 251 + 40 meters • 

Length of channel * snitable manipulation of the Mann compara- 
tor coordinate data, the total length of rille chaxinel was calculated€ 
Specifically, the center of the rille is found at each measurement 
location by averaging the coordinate locations on either side. Then 
the distance between adjacent center positions is calculated using the 
Pythagorean theorem. Finally, these distances are summed to provide 
the total length of channel. Using this technique, the total length 
of channel is foimd to be I29.7 ^he lengths of several shorter 
segments are detailed in table 6-2, A listing of the cumulative 
lengths is foimd in appendix three. 

Area of the channel cross-section . The cross-sectional area of 

the channel at uninterrupted profile locations was measured directly 

using a polar planimeter. This essentially straightforward procedure 

2 

yielded an average area of ,184 Ion, Profile numbers 1 to 24 excluding 

number 9 (ch. 4) were used for this average. The standard deviation of 

2 2 
this data set is ,038 kra, and the standard error is 0,008 km, indica- 

ting a 90^ confidence interval of + 0,013 km. about the mean or 7* 2^* 

Appendix three contains a listing of all measured values. 

Curvature . Several atteng>ts were directed toward measuring the 
curvature of the rille at different locations. Most of these were 
inadequate because the resolution of the method was poor, the location 
where the curvature was being measured was ill-defined, or complica— 


tiojos in mathematical analysis made the result meaningless, F^ally, 
the follovdng technique evolved; 

1. The x-y coordinates oT the Mann comparator data were drawn up 
as a map of the rille (fig. 6-2) at an original scale of 1 cm, to 1 Ion. 

2. A plexiglass teu^late was constructed containing concentric 
circles. The radius of the circles increased geometrically according 
to the arbitrary equations 

radius (class n) = 2 x expressed in mili, meters 

that is, a class 1 circle has a radius of 2 mm., class 2 is 2 x 2^/^ * 
2,82 mm,, etc. A total of 11 circles were drawn with radius from 2 mm. 
(n = l) to 64 inm* (u = H) although the smallest class subsequently 
utilized was class 4* 

3. The template- was overlain successively on each of the numbered 
points on the map in such a way that each of the adjacent points fall on 
or within a circle, the circumference of which was touching the central 
point. 

4. The tenplate was translated until the maximum diameter circle 
was found in which this condition prevailed. The central point was 
then assigned the curvature class represented by that circle. 

The spacing of the points on the x-y plot (fig. 6-2) is suffi- 
ciently close that this technique appears adequate to characterize the 
curvature, A few points have long gaps separating them and these were 
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deleted from the ana3ysiSj as were the end points on the plot. The 
deleted points are obvious on the graph of cnrvatnre vs, distance along 
the rille (fig. 6-4) « Tbe results of this experiment are shown in 
table 6-3. 


Table 6-3* Summary of curvatures measured on Hadley Rille. 


Curvature class (n) 
Zn *= 2 X 2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


Radius of maximum 
circle (ion. on the 
ground) 

•4 

.57 

.8 

1.13 

1.60 

2.26 

3.20 

4.53 

6,40 

all larger to 
straight line 


Number of points 
in class 

0 (class 3 and 
lower) 

2 

8 

14 

17 

25 

14 
13 

15 
33 


The distribution is clearly binnodal with centers at class 8 and 
class 12, The grouping above the class 8 curvatures represents the 
loops in the sinuous rille, and the class 12 peak probably represents 
the inflection points between curves. The median value of radius of 
curvature (which 'is an estimate of the average) excluding the straight 
values falls at 2.02 km. 


Toltane of the lille channel . The volume of the rille channel can 
be estimated by calculating the volume of the triangular prism with the 
width, depth and length of channel measured for the rille. This is 
given by: 
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Tolume = Arerage V?idth x Average Depth x Length of Channel 


Extracting the appropriate measxirements from table 6-2, the Toluiae of 
the rille as a whole is foiind to be: 

Yoltime = 1.08 x 0.251 x 329.7 = 17.6 lon.^ 

2 

The greatest xmcertainty is in the value of the average depth. This 
uncertainty is estimated to be + I65S which stands as the uncertainty in 
the value of the volume. 


As a partially independent check on the volxmie calculation, the 
volume of channel in the profiled section of the rille was calculated 
directly from the average channel cross-sectional area. This value 
compares with the volume calculated for the same section using the 
triangular approximation as follows: 


Profiled Section - 

Method . Calculated Volume 

Triangular approximation of „ 

cross-sectional area 6.8 krn.-r' 

Cross-sectional area measured ' „ 

on profiles ~ 8,1 km,^ 

An examination of the profiles (ch. 4) shows that the cross-section 
is not precisely triangular because of concavity of the rille walls. 

If it is assumed that the cross-sectional area approxiraatiGn of the 
volume in the profiled section is correct and that the triangular 
approximation yields the same proportionate error in the whole rille 
calculation as in the profiled section, a corrected whole rille volume 
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be calctilabed. This is accon^jlished bjr scaling the volunie calcula- 
ted bj the triangular method as follows; 

Tolume _ 8«1 km*^ Talues fMm I7.6 kn,-^ value from 
corrected " 7*TTI3 above check tjaangular 

value * * approximation 

3 

This increases the calculated rille volume to 20.1 ton. . This 
volume which just falls within the l6jS uncertainty reported above 
is the best value which can be calculated from the present data. 

Summary of basic parameters . Hadley Eille is seen in table 6-2 to 

be a major land form. It is comparable in width (1 hm.) to a large 

terrestrial river, although its length is shorter than terrestrial 

3 

rivers of this ^-fidth. The estimated 20 km. volume of the channel 
could be represented ty a sphere of 3*4 hm. diameter or ly a block 
50 km. X 50 km. x 10 meters deep. One of the roost puzzling aspects 
of Hadl^ Eille and lunar rilles in general is the lack of an associated 
depositional form such as an alluvial fan or flow— lobe representing 
material removed from the channel. 

Derived Parameters ; 

Using the characteristics reported above as a base, it is possible 
to derive several other values which also characteinze the rille. 

Sinuosity , The sinuosity of a 'river channel is best defined as 
the length of the talweg divided by the straight line distance between 
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end points (Scheidegger, 1970) • Thus, for .the rille the sinuosity is 
defined: 

- . .. length of channel segment 

inu iny - straight line distance between end 'points 

For ptirposes of this calculation, both the lengths were calculated 
from the Mann comparator data ( app, 3) . The sinuosity for the rille 
as a whole is 1.6S but the indiirLdual values for the northern and 
southera segments (dividing the rille at point 84, fig. 6-2) are 1.28 
and 1,23 respectively. This indicates that the bend at point 84 
foreshoiiiens the end-to-end distance and results in an uncharacteris- 
tically high overall sinuosity* 

Width /denth ratio. An initial attecrot was made to compute mdth 
to depth ratios for each profile location l:y using the width and depth 
data previously described. Finally, it was decided that a more accu- 

* ft 

rate value could be calculated in the following manner: 

1. Ah accurate tracing was made of each profile at the original 
2x verticsl exaggeration. 

2, Each tracing vras set up in a level orientation on a drawing 
board. A 30° triangle was placed over each slope on each profile to 


deterndne the po±nu on the rille wall where the slope angle first ex- 
ceeded 30° (at 2x vertical axaggeration) » This is a point near the 
rille lip on most profiles, 

3. The rille vri.dth is then arbitrari3y defined as the distance 
between the two so defined points on each profile, and the depth is 
the vertical distance from the bottom point on the profile to the linp. 
connecting the two points. This construction is illustrated on figure 


4, The width/depth ratio, correcting for the 2x vertical exagger 
ation, is found: 


Width _ Measured ;-d.dth 
Septh ” Measured depth 


WIDTH 


Figure 6-^, Geometric construction used to find width/depth ratio 




158 


The adTantage of this method is that whereas the width and depth 
so defined may be inaccurate, the georaetiy of the construction indi- 
cates that th<gr are inaccurate in proportion. Therefore, the result- 
ing ratio is an adequate characterization. The aYerage ratio is 4*30 
with standard dsTiatioa 0.44 and standard error 0.09. This indicates 
the *true* average value to be in the range 4*30 + 0,15 st the 90^ 
confidence level. Individual values are listed in appendix three. 

The width to depth ratio (with a 2x vertical exaggeration) is 
numerically equal to tid.ce the cotangent of the depression angle from 
the rille lip to the bottom. These angles are an approximation of the 
wall slope angles, although the concave aspect of the profiles makes 
the maximum slope angles somewhat greater than these. The depression 
angles are found to range from 19»2° to 2S,2°. The angle corresponding 
to the average width/depth ratio is 22,8°. At a 2x vertical exaggera- 
tion, the angles are roughly twice these values so the 30° triangle used 
as described provides a good definition of the rille lip as illustrated 
in figure 6-6, 

Harmonic analysis . The wave-like character of the sinuous riUes 
suggests an examination using harmonic analysis. Such an examination 
has been conflated for Hadley Hille using a Fourier cosine series. The 
purpose of this numeidcal experiment is: 

1. To determine the spectral distribution of the irregular line 
which represents the rille so that it can be conpared to the spectral 
curve for a terrestrial idver. 
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2. To detemdne a suitable length to use for the 'meander wave 
length' of the rille. 

The mechanics of this method of function approximation are discussed in 
chapter three. 

Harmonic analysis approximates the rille pattern ^vith a function 
which is composed of the strni of single cosine waves of varying frequency 
and amplitude (GaskeH, 195S) , The rille pattern can be decomposed 
into its constituent cosine waves ly listing the square root of the 
power spectxTmi (defined in ch, 3) for the series. In the case of the 
cosine series, this is merely the absoliifce value of the Fourier co- 
efficients. Thus, each value in the root power spectrum equals the 
amplitude of one of the constituent cosine waves. These values can 
then be examined to determine which particular frequencies are important 
in the conmosition of the rille pattern. 

i ^ 

It is analytically possible to calciilate as many terms for the 
series as there are data points in the data set. In this case, the 
shoitest wave length examined would be where L is twice the length 

of the rille segment being examined, and is the number of data points. 
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Kovfever, the data set cannot represent oscillations ivith a v?ave length 
similar to the data spacing. This problem is knovra as aliasing 
(Blackman and Tnk^, 1959) • By limiting the number of terms in the 
series to n^,it is assured that there are at least two data points 
on each hump of the shortest v/aye length spectral component being 
examined. This is the cosine term with wave length equal to SL/n^^ 
which in the case of the rille is about the same as the rille \ri.dth. 
Secondly, if the short wave leijgth terms are examined, they are found 
to have ang)litudes less than the resolution of the data. This appears 
to be true for terms ’tvith a wave length shorter than Thus, the 

spectral analysis has been limited here to the first Uq/ 4 terms’ since 
there seems little point in requiring the Fourier analysis to search 
for components not reliably represented in the data. The shortest 
wave length (which cojnresponds to the rt^4th term) is about kilo- 
meters long, or about twice the rille width. 

t 

The data set for the ha3?monic analysis was acquired using the Mann 
comparator. The method v/as similar to that described earlier in this 
chapter xd.th a few ingjortant exceptions. The witing of a Fourier 
series requires data which is equally spaced along the x-axis. There- 
fore, the x-coordinate of the couparator was incrementally advanced 
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and the associated jr-values were read. The value of the x- increment 
was 0.250 mm, v^hich corresponds to a ground distance of 0.2S km. The 
Fourier cosine series can only approximate single valued functions. 
Therefore, it was necessary to use separate data sets for the north 
and south sections and compute a separate series for each, x and 7 - 
values were read for the center of the rille in the north section and 
both the center and the mare edge were read in the south. Both of the 
southern sets give substantially the same spectral con^ionents. The 
rille center spectral curve is reported here so that the curves 
reported for the north and south sections of the rille have a common 
basis. There were 159 data points in the northern section and 153 
points in the south. 

The root power spectmm for the two rille sections is listed in 
appendix three along with other calculated parameters and data for the 
harmonic analysis. Figure 6-7 is s semi-log graph of the power spectnmi 
as a function of wave number (n) for both rille sections. The graph 
displ^s obvious pealcs corresponding to the important cosine terms of 
different wave lengths and there is a good correspondence between the 
wave lengths of inportant terms in the two different sections. This 
correspondence is illustrated in table 6-4 which lists the peak-for ming 
wave lengths for each section of the rille. 

Figure 6-S is a third graph which is the result of the spectral 
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analysis of a terrestrial river by J, G, Speight (I965) • This is a 
study of the Angabtmga River in the Territoiy of Papua New Guinea, This 
particular river ”vjas chosen for study because of its long, unobstructed 
and undisturbed alluvial plains course and its highUy developed, 
rapidly changing meander pattern” (p. 2 ). Speight’s analysis vras 
carried out by an autocorrelation method (discixssed in Scheidegger, 

1970) which is different from the approach reported here. The auto- 
correlation method provides a more accurate spectral curve, particularly 
at the long wave length end of the spectrum, and gives a much smoother 
curve. However, it requires larger data sets than are available here, 
and the • measurements are of a much different sort, Se cause the two 
roethocte are significantly different and because all the physical para- 
meters of the two geologic situations are so completely separate, it 
appears inmossible to make a meaningful direct conparison between the 
two studies. However, certain qualitative similarities can be mentioned. 

t '' 

1 . All three spectral curves have several inroortant long wave 
length peaks. The importance of peaks dindnishes rapidly as wave 
length increases (figs, 6-7 and 6-8). 


Table 6~4» Wave ramibere -with peak— forming spectral intensities. These are peaks which are graphically displayed 
on figure 6-7# There is a clear similarity between the long vjave le33gth intensities. 

Wave Number 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 IS 19 20 21 22 23 24 25 26 27 28 29 30 


South Section 

Points 1-84, XXXXX X XXX X 

Fig. 6-2 

North Section 

Points 84-152,- XXXX X XX XX X 

Fig, 6-2 


o\ 
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2, The broad, smooth peaks in Speight’s curve appear somewhat 
similar to the broad, irregular peaks from the cosine series. The 
scaling difficulties make it impossible to postulate a direct peak-to- 
peak correlation. 

Choice of meander wave length . An examination of the metric 
photographgr (fig, 4-1) does not allow a satisfactory determination of 
the ’meander v/ave length’ of the rille. Tliis follows from three factors: 

1, The meander v/ave length of a river is an ill-defined quantity, 
the value of which has in the past depended upon the observer’s sub- 
jective interpretation of the river pattern. 

2, There is a legitimate question as to v^hether the rille should 
be defined as ’meandering* at all because the value of its sinuosity 
is relatively low. One discussion of a meandering river (Leopold, 

Wolman and Miller, 19o4) seems to suggest that the sinuosity of 
meandering rivers ought to be greater than 1.5 although some variation 
about this value is allowed. The sinuosity of the rille as a whole 
was seen to be well in excess of this (l.o3) j but the individual north 
and south sections had values which were substantially less (about 1 . 25 ). 


c 
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3* The northern section of the rille has a pattern which is not 
smoothly sinuous j perhaps as a result of the structural control dis- 
cussed in chapter five* Thus, it is not ob"7ious hov; to include this 
section in an estimate of the meander wave length. Although the 
southern section is sinuous, a -visual estimate givBS between three i 

and five full meander igrcles depending on intexp-cetation. ; 

Thus, an examination of the spectral peaks is suggested to ob- 

jecti-vely find an appropriate meanier wave length vrith a value which 

fits between three to five cycles in the southern section of the rille, 

The southern section (as -viewed by the harmonic analysis) is i}2,6 km, 

long. This means that spectral components with wave lengths between / 

S.3 km, (n = 10, or 5 cycles in the interval) and 14.2 km. (n = 6, or 3 i 

! 

cycles in the interval) must be examined. Table 6-5 lists the wave ^ 

numbers (n) , v/ave lengths and spectral intensities^ of all the spectral 

con^ronents with wave lengths in this range. Two possible values for 

the meander wave length have been estimated by the following methods j 

the results are in substantial agreement: ^ 

1. It is seen that wa-ve numbers S and 9 the southern section 
and wave number S in the northern section have spectral inteiisities 


\h6 


le -value of the root power spectrum corresponding to a given wave 
length is here called the spectral intensity of the wave length. 






■A..... 



168 


about tvrice as high as the other components in the range. An average 
of the corresponding three wave length values gives an estimated 
meander wave length of 10.8 km. 

2. A second estimated value has been calculated by weighting 
each wave length in the range by its spectral intensity and calcula- 
ting the weighted average. This gives a value of 10.5 hm, in close 
agreement with the simple average above. Both tha north and south 
data sets were used in the weighted average. This average seems to 
make best use of the data and it is therefore accepted as the meander 
wave length. 

Leopold and Wolman (i960) have investigated the relationship 
between river meander wave leit^ths and channel vri-dths and also meander 
wave lengths and radius of curvature of the meanders. They have 
reported that the follopjing equations hold for terrestrial stream 

I 

channels : . . 

' 1 01 

Meander wave length = 10,9 x width * 

Meander wave length = 4*7 x (radius of curvature) 

If these equations are solved using the average rille width (1.08 km.) 


Table 6-5. Calculation of meander wave length ~ weighted average. 


SOUTH SECTION NORTH SECTION 


Wave Number(n) 

Wave length 
(Ion.) 

Intensity 

(relative) 

Product 

Wave length 
(kn.) 

Intensity 

(relative) 

Product 

6 

14.18 

32 

453.76 

Outside range 

of consideration 

7 

12.16 

23 

279.6 s 

12,64 

21 

265.44 

8 

10.64 

58 ' 

617.12 

31.06 

63 

696.78 

9 

9.A6 

60 

567.60 

9.33 

37 

363.71 

10 

8.51 

35 

297 .S 5 

8,85 

23 

203.55 

11 

Outside rajige 

of consideration 

8. 04 

20 

160,80 


Sum 

208 

2,216.01 

Stun 
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1,690.28 


Totals for both rille sections s 

Total of intensities = 372 
Total of products = 3 t 906.29 

Weighted average _ Product total _ 3,906.29 _ ta r i™ 
Wave length ” Intensity ioi'al ” 37^ ~ 


o\ 
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and iihe estimated median radius of c^lr7ature (2.02 km, , estimated 
from table 6-3) t the calculated meander wave lengths are found to be; 

From vddth equation, wave length = 11, 7S km. 

From radius equation, wave length = 9*36 km. 

Both these values seem remarkably close to the rille value of 10,5 km. 
and are well vdthin the spread of the data reported by Leopold and 
Wolman (i960) , 


Hadlgy Rille compared to other lunar rilles . It is now 

possible to compare the overall characteidstics of Hadley Rille 5-d.th 

other lunar rilles. Schubert, Lingenfelter and Peale (1970) have 

published histograms of length, v/idth, width/length ratio, meander 

wave length and meander wave length/viidth ratio based on a sample of 

about 130 rilles. In order that Hadley Rille can be best conpared 

with other rilles, these diagrams have been recast as cumulative 

frequency diagrams. The position of Hadley Rille was then plotted 

on each. This allot/s the position of Hadl^ Rille relative to other 
rilles to be easily examined. The five cumulative frequency diagrams 
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are shown in figures 6-9 to 6-13. following observations can be 

made: 

1* The width and length of Hadl^ Rille are exceeded only 

about 16/5 of the rilles so it is a relatively large rille. 

2. Its width/lengbh ratio falls close to the median value, so 
the idlle is ^average* in this sense, 

3* Its meander wave length is longer than siy found in the Shuhart 
et al . ( 1970 )^ report in which a maximum meander wave length of 7 1®® 

.is mentioned. The meander wave length/width ratio is also an extreme 
value. 

Thus, the meander wave length of this rille appears to be an anomolous 
characteristic in con^arison with other rilles. 

Relationships Between Eille Parameters : 

Thus far, the gross numerical characteristics of the rille have 
been investigated. The remainder of this chapter is devoted to des- 
cribing several relationships which appear to exist between parameters. 
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Relation between vd.dth of rille and distance along channel . 

Figure 6-4 is a graph of the rille width as a function of distance along 
the channel. It is based on the same data set that was used to deter- 
mine the average width of the rille. It is reasonably evident on this 
figure that rille \ri.dth is a northward, decreasing function of length 
along the channel. For example, if one chooses the maximum and minimum 
peaks in 15 kilometer segments of the rille, these seem to diminish 
systematically between one 15 kilometer segment and the adjacent one 
to the north. This rule holds except for the northwestern 15 kilo- 
meters of the rille where the width appears to increase again. 

In order to statistically test the conclusion that such a width 
decrease exists, the follovring experiment was performed: 3^ pairs of 

3-digit, random numbers v;ere dravm from a random number table (Koch and 
Link, 1970 ) * These were multiplied by a scale factor to give new 
figures which could be used' as distances along the rille channel with 
which to enter the width distance graph. In this manner, randomly 
selected pairs of ividths were located on the width distance graph, and 
it was noted if the northernmost width or the .southernmost width was the 
largest. In 38 trials, the southern width was the largest in 28 trials 


EWRODUCBE-ttY OS' THE 
5r.r.Sai>, PAGE IS POOR 


while the northern width was largest in only 10 trials. By applica- 
tion of the probability test (Langley, 1970) , it is found that 
this outcome could occur less than 1/^ of the time if there is an equal 
probability of the largest value occurring to the north. Therefore, it 
is concluded that there is a well-displayed and statistically signifi- 
cant tendency for the rn lie width to decrease to the north. 

The general aspect of the width-length curve (fig. 6-4) appears 
similar to the tooth pattern of a carpenter’s rip saw which has an 
abrupt increase in amplitude followed by a gradual decrease and then 
another abrupt increase. In the case of the rille pattern, the abrupt 
increases appear to take place about eveiy 15 kilometers. In order to 
indicate this sort of asymmetiy, the program which resolved the width 
data included a segment which summed: 

1. The length of channel along which a north-bound observer would 

4 

note increasing width. 

2. The length of chaimel along which a north-boimd observer vrauld 
’note decreasing width. 

3. The length along vfhich no measurable change (according to the 
data) takes place. 


1 


179 


The results of these calculati033S for the riHe as a whole are as 
follows: 


1. Width increases northward for 54»1 

2. Width decreases northward for 74*9 

3. Wo change occurs for 0.7 hm* (considered negligible) 
The ratio of the first two parameters is found; 


Length along which northward decrease occurs 
Length along wtiich northward 'increase occurs 


In addition to the calculation for the whole riHe, this ratio was 
calculated for several sub-sectioiK of the rille with the results indi- 
cated in table 6-6, 



Table 6-6. Ratio of length of channel showing width increase to the 
length showing width decrease as viewed by a north-bound 
observer in the rille. Point location numbers in the last 
column correspond to figure 6-2. 


Between points 

Ratio 

1-152 

1 . 3 s 

1-S4 

1.81 

84-152 

1.09 

1-108 

1.65 

108-152 

1.05 

1-124 

1.94 

124-152 

0.42 


Thus, it is seen that the described asymmetiy is evidently quite 
characteristic of the southern 100 kilometers of the rille, but may not 
be characteristic of the northem2S kilometers. 



In order to assxire that the observed ratios v;ere not the result 
of the fortuitous selection of the end points, another experiment was 
performed. In this experiment, twenty segments, each of 15 kilometers 
length were selected tising random numbers, and the ratio described 
above was calculated for each segment. Some statistics of the results 
follow; 

Arithmetic average ratio (m) - 1,63 

Standard deviation (s) - 0,7® 

Standard error (s/n) - 0.175 (n = number of data points) 

By computing the t-statistic, the probability that the *true* average 
value of this ratio might be less than ar:^ specified value (M) can be 
assessed. If the true value has a significant probability of being less 
than 1. , the supposed rip-sav; appearance of the curve cannot be assumed, 

preliminary statistics as follows; 

3.61 

in a table of t-statistics (Crow 
the ratio is less or equal to 1, i,. 


The t-statistic is computed from the 
n X M - m 20 X 1 - I.63 

u - - g - = 

Gonparing this value with those 
et al ,, 1970) } the probability that 


181 


seen to be less than 0*^. Therefore j there is a high probability that 
the average is greater than 1. , and the asynmetry described above is 
assumed to be characteristic of the rille. 

In order to informally illustrate the cyclic behavior of the width- 
length data set, a smoothed curve (fig. 6 - 14 ) of width vs. location 
number was generated using Spencer's formula (described in ch. 3 and 
ch, 5) . It was not possible to plot a \ri.dth-distance curve (that is , 
a smoothed version of fig. 6 -^) using this method because Spencer's 
formula requires data which is equally spaced along one axis. There- 
fore ^ ground distance has been approximated ly measurement location 
number to provide equally spaced data for the hoirizonbal axis of the 
smoothed curve (fig. 6-14). Spencer's formula uses ten data points at 
either end of the data set which are not reproduced on the smoothed 
curve (discussed in ch. 3)« This explains wly there are only 132 data 
points present on the smoothed curve (fig. 6-14) compared to the 152 
points present in the original data set and on figure 6-4. 

Six pealffi appear on the smoothed curve and they are remarkably 
evenly spaced. The smoothed curve gives a good impression of the general 
decrease of tfidth with distance northward along the rille, and of the 
rip-saw pattern described above. 

Relationship between width and depth . The relationship between 
width and depth of Hadl^ Rille has been studied graphically by Howard 






et al , (1972) . They conclude that ^-riLdth and depth are directly corre- 
lated from measurements taken from a central segment of the rille near 
the Apollo-15 landing site. The length of channel which they examined 
was itl.9 km, A similar study has been completed here using the width 
and depth measurements taken to compute the width/depth ratio. 

Figure 6-1^ is a graph of rille depth "vs, rille vridth for 24 

profile locations (profile numbers 1-24 excluding number 9 v;hich is 

in a location obscured by crater, Hadl^ C). There is an obvious 

tendency for depth to increase vith vidth. In order to check this 

relationship statistically, a rank correlation test (discussed in ch, 5) 

was performed on this data,_ The sxim of the squared rank differences 

for the 24 data points was 604* Check of a squared-difference table 

(Langl^, 1971) indicates correlation at better than the 1^$ level in 

agreement with Hov;ard*s studSy, The high degree of correlation indicates 

* 

that when other factors sho^r a relationship vith rille width, they also 
probably show a similar relationr.’rip ^d.th rille depth. 



Depth In Meters 
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Relationship between rille width and direction of chaimel « In 
order to investigate a possible relationship between the width of 
Hadl^ RiUe and the direction of its channel, figure 6-l6 was pre- 
pared. The widths on this scatter diagram are those calculated for 
the width-distance graph (fig. 6-4). The azimuths used here were 
measured directly from figure 6-2 using a KfiE drafting machine. The 
straight edge of the drafting machine was placed tangent to the curve 
of the rille at each of the width locations, and the channel azimuth 
relative to north was read directly on the machine *s protractor head. 

The azimuth readings thus obtained are probably correct within + 3° 
except in small radius comers where the location of the tangent is 
difficult to define. In these places, the values are probably + 10°, 

The compilation of this set of azimuths was necessary to find the 
chaimel direction at each measurement location. This is a different 

value than those calculated from one location ^ the next and used for 

* 

structural inteipretation in chapter five. 

The disperse appearance of the scatter diagram (fig, 6-16) indi- 
cates that no correlation is present between a?ille width and channel 
azimuth for the rille as a whole. However, there are several sequences 
of points along the channel which do seem to demonstrate an inverse cor- 
relation between increasing azimuth and channel width. These points 
have been replotted on figure 6-17* These sequences were selected 
after searching for related sequences of figure 6-l6, In order to check 
for correlabion, the Spearman rank correlation test (disctissed in ch. 5) 
was applied >dth the following results; 
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Fig, 6-17. Scatter diagram of riUe width vs, azimuth of chaimel for 
selected rille segments. The specific locations of the three series which 
are plotted above can be determined: from fig. 6-S. 
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Sequence (location numbers. Fig. 6-2) Result 

24—32 The probability of finding this sequence in a set 

of unrelated figures is between IjS and There- 
fore, the result is probably significant, 

65-^9 Tile probability of finding this sequence ..in a set 

also of unrelated figures is less than 3^. Therefore, 

47-62 the results are statistically significant. 


TT (0 other sets of numbers were checked for correlation, one chosen 
from the scatter diagram and one selected at random. These results are 
as follows: 


Sequence 


13-22 


llS-143 


Result 

•This set is a set of 10 points selected at random. 
The probability of finding this sequence in a set 
of pairs of unrelated figures is greater than IC^j 
therefore, the result is statistically insigni- 
ficant. 

This set was chosen &*om examination of the scat- 
ter diagram as a group which has a possible 
direct correlation. The probability of finding 
this sequence in a set of unrelated figures is 
greater than 10^ j therefore, the result is stat- 
’istically insignificant. 


Several obseivations can be made concerning these apparent relation- 
ships: . ^ 

1* All the statistically significant sequences occur, in the 
southern part of the rille. The. general appearance of the riUe in the 
south is much sharper and well defined than the northern section. The 
general appearance of the noarbh section suggests that it has been filled 
either as the final event in the rille formation, or in some subsequent 
event. Either occurrence would probably obliterate aiy pre-existing 
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width.-a 2 irauth relatioiihip. 

2 , The three sequences of points over Vfhich these correlations 
hold all encompass at least one curve in the rille (fig. 6-2) and each 
sequence contains a local maximum and minimum point on the width- 
distance curve (fig. 6-4)* Thus, a wide range of widths and asimuths 
. are present in these figures. 

3* ^he sequence of locations 65-39 occurs in a segment of the 
rille which contains four separate cxirves and which contains tvjo local 
maxima and one minimum point on the width distance curve. This 15 - 
kilometer segment of rille channel is also in the section of the rille 
with the best preserved appearance. Thus, the excellent correlation 
obtained here is the most significant of the three. 

Relationsbip between width and curvature . A number of attempts 
to relate width and curvature at a point in the riHe were undertalcen 
with no positive result. Finally, a graph representing -the curvature 
class at each point was added to the width distance graph (fig. 6-4) 
to displEy aiy possible relationship. It is reasonably apparent on 
this figure that there is no direct correlation at a point. The two 
graphs were then examined for correspondence in shape rather than for 
coiresponding peaks. It appeared possible that a less obviovis similarity 
does exist. This is the possibility that slopes of the two graphs 
correspond in sign but that slopes on the width graph are displaced 
about two kilometers to the north along the rille from the correspond- 
ing slopes on the curvature graph. 
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In order to test such a relationship, the follovri.ng approach vras 
devised, Approximateljr 100 random numbers were extracted from a random 
number table (iCoch and Link, 1970) • These were niultiplied bjr an ap- 
px*opriate constant to yield a number which could be used to enter the 
curvature-distance graph at a point between the south end of the graph 
and a point two kilometers short of the extreme northern end of the 
graph. The sign (positive, negative or zero) of the slope of the 
cinr/ature-distence graph was noted. The sign of the slope ox the 
viidth-distance graph at a point tvro kilometers north along the rille 
was similarly noted. The signs of the slopes of the two curves must 
match in one of the three follovring ways: 

1, Both slopes could have a similar sign. 

2, Both slopes could have opposite sign. 

3, The result is indeterminate if one slope has a zero slope 
or if the randomly chosen ordinate occurs at a break in one of the 
ctirves. 

The results of this esqperiment were treated using the 50?S probab- 
ility test. This test assumes that there is an equal probability of 
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observing either similar or dissimilar signs in the parent popnlation 
from which the sample was drawn and calculates the probabilitj of 
finding the observed numbers if the assumption is true. If the test ' 
yields a low prob ability, it is an indication that width and curvature 
tend to increase together iri.th a two kilometer offset along the rille. 
In performing this test, it is acceptable to discard data falling into 
the third categoiyj the rationale behind this and behind the test as 
a whole is discijssed in a book by Langley (1973-) • ^est has 
yielded the following result: 

Number of Number of , 

• matched signs opposite signs Total 

37 21 62 

The probability of this result is betv/een and 5^ so in a statisti- 
cal sense, the proposed relationship is probably significant. 

* . 

From a piysical point of view, this result may be in^jortant, A 
relationship between channel geometry at one channel location and the 
geometry at a location displaced along the channel su gg ests flow in the 
rille as a causual mechanism. 


Summary ; 


The nximerical and statistical characteidstics of Hadley Rille 
have been explored in this chapter in some detail. For the most part, 
the results in this chapter have been left as numbers which character- 
ize the rille without further discussion. The conclusions which can be 
drawn from these results and the results of chapters four and five are 
the subject of chapter seven. 


193 


CHAPTER m 

THE ORIGIN OF HADIEY RILLB 

This chapter is a discussion of the origin of Hadls7 Rille. The 
first section is a reTiew of mechanisras which have been proposed for 
rille formation. This is followed liy a summary of the primaiy objec- 
tions to each, both in general terms and vri.th regard to the >^aracter- 
istics of Hadley Rille, Finally, a mode of origin is proposed for 
Hadley HiHe which appears to conform well with the observations 
carried out in this study. 

Review of Rille Forming Mechanisms ; 

Mechanisms dependent on geologic structure . Structtarally depen- 
dent Iqrpotheses for rille formation fall into two groups. One group 
supposes that the rille are actual stmctural features and the second • 
requires the presence of an underlying fracture system, 

Eiger (1895) and. Goodacre (I931) suggested that all lunar 
rilles (not only the sinuous rilles) are shrinkage cj .cks associated 


^Iger, T, G, (1895) The Moon , George Phillips & Son, London, 

2 

Goodacre, W, (193I) The Moon With a Description of Its Surface 
Formations , Pardy & Son, Bornemouth, Eaagland, 


194 


{ 


with the cooling of lava* Nasuyth and Carj>enter (1874) performed an 
interesting set of ea^jeriments with hollow glass spheres and concluded 
that all lunar rilles are tension fractures from internal pressures, 
Shaler (I903) concluded that all lunar rilles are tectonic and not 
of fluid flow origin. These authors do not specifically mention sinu- 
ous rilles, and ib is not clear if th^ viere aware of them. Fielder 
(1960)^ suggested that the straight lunar rilles are faults which have 
been subsequently intruded by dikes. The intrusion is assumed to be 
accompanied by the formation of a depression over the dike due to ten- 
sion and thinning in overlying material, Quaide (1965)^ suggested 
that the sinuous rilles are sinuous tension fractures, although in sub- 
sequent articles (below) he has abandoned this view, 

Schumra (1970)^, prompted by Mills’ (1969)^ experiments and several 


^asnyth, J. and Carpenter, J, (I874) The Moon Considered as a 
Planet, a World and a Satellite , 2nd ed, , John Murrary, London. 

2 

Shaler, N, S, (I9O3) A Comparison of the Features of the Barth 
and Moon ; Smithsonian contributions to knowledge, Vol, XXXIV, 
VJashington. 


^Fielder, G, (i960) A theory of the origin of lunar lilies: Sky 

and Telescope, vol, 19 r p* 334“337* 

Quaide, ¥. (1965) Ridges, rilles and domes, clues to maria 
histoiy: Icarus, Vol, 4, p» 374* 


%chumra, S, A, (I97O) Experimental studies on the formation of 
lunar surface features by fliiidization: G.S.A. Bull, Vol, 81, p, 2539, 

^Mills, A. A. (1969) Fluidization phenomena and possible implica- 
tions for the origin of lunar craters: Nature, Vol. 224, p, 863-866, 
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earlier iriTestigations , performed a series of ex^jeriments exploring 
the behavior of powdered materials when they are fluidized gas 
emitted from a sub-surface slit. Based on these studies, he postulated 
that sinuous rilles could be formed by gases passing up fractures in 
the lunar cnist through a mantle of regolith. This view is supported 
ty McCall (1970)^ vrho bases his arguments on field examination of 
terrestrial volcanic blow holes. It is also probably supported by 
Hapke and Greenspan (1970) who have observed anomolously high crater 
densities in the bottoms of some rilles. 

Mechanisms which require fluid motion . The rema in i ng hypotheses 
all depend on fluid flow^ The difference between different proposals 
depends on the nature of the fluid, its source, and precisely how it 
flovjs. 

Q 

A. Ash flow. Cameron ( 1964 )^ proposed that the flxiid medium is 
a fluidized ash in the form of a nuee ardente. She based this conclu- 
sion on a comparison of telescopic photos of rilles with nu6e ardente 
channels formed on earth. 


McCall, 6, tl', H. (1970) Lunar rilles and a possible terrestrial 
analogue: Nature, Vol. 225, p. 714. 

^apke, B. and Greenspan, B. (1970) Grater densities in the vic- 
inity of lunar sinuous rilles; EOS 51 r P* 346* 

^Cameron, W. S. (1964) 4n interpretation of Schroeteife Talley and 
other sinuous rilles: J.G.E. , Tol. 69' » p* 2423. 
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B. Water. Some older studies concladed that rilles are fluvial 
erosion channels , Pickering (1903) ?who is credited with the discovery 
of the sinuous rilles , felt that th^ are drainage channels from hot 
springs associated with volcanic activity. He also suggested the 
presence of ice and snow on the moon although he realized that the 
lunar atmospheric presstire is near zero, Pickering was preceded by 
Weison (I876) who did not recognise sinuous rilles , but felt that al l 
lunar' rilles ^^e^a^ river valleys. One modern selenologist 

(Gilvarryj 1969)^ has steadfastly believed in the presence of an 
ancient l^drosphere with a depth of up to two miles, but has argued 
that lunar tydratillc channels would be very shallow. This conclusion 
is based on a dimensional analysis of terrestrial hydraulic geometry 
to determine the effect of the lower lunar gravity on channel form* 

Although the past existence of lunar surface water is presently 
viewed as inprobable by most selenologists , a number of recent argu- 
ments are based on surface or near-surface ice, Urey (1967)^ suggests 


dickering, W. H. ( 1903) l*he Moon , Doubled^ Page & Co., New York. 

^eison, S, (I876) The Moon and the Condition and Configuration 
of its Surface , Longmans, Green & Co,, London, — 

^Gilvarry, J. J. (I969) Geometric and physical scaling of river 
dimensions on the earth and moon: Natrire, ¥ol. 221, p, 533* 

^rey, H, C, (1967) Water on the moons Nature, Vol, 2l6, p, 1094* 
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thsdi the lunar maria are underlain by ice and that the rilles vrere 
eroded by ice streams, This idea may be based on the suggestion by 
Gold (1961) that if water was initially present on the moon, a perma- 
frost layer must now exist at depth. Smoluchov/ski (I96G) performed 
detailed calculations ' to show that water could be retained on Mars , 
even at low atmospheric pressxire, because a protective ice cover would 
form on the surface. This possibility was extended to the lunar envir- 

q 

• onment iy Shubert, Ibingenfelter and Peale (1970)^ who calculated that 
sublimation of the Itmar ice would ce^e after a sufficiently thick 
accumulation of rock debris collected on the ice surface. They con- 
cluded that the rilles were formed when an impact event shattered the 

/ 

ice l^er and underlying water flowed to the surface. The v/ater then 
was supposed to have flowed in an ice-capped stream to form the rille. 
These authors have also performed calculations to indicate that a 
reasonable amount of water could erode a rille-size channel in a rea- 
sonable amount of time. In terms of analytical justification, Shubert ’s 
paper is one of the most persuasive to date, 

C. Lava, Another group of recent hypotheses are based on lava 


X 

Gold, T. (1961) Peimafrost on the moon: J.G.B, , Tol, 66, p. 2531* 

2 

Smoluchowski, R. (I968) Mars: retention of ice: Science, Vol. 

159, p. 13/iS, 

^Schubert, G, , Lingenfelter, R. E, and Peale, S, J. (19?0) The 
morphology, distribution and origin of lunar sinuous rilles: Rev. of 

Geoply, and Spa, , 7ol, S, p, 199* 
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as the fluid medium. The best supported of these is the argument by 
Oberbeck, Quaide and Greeley (1969)^ which paroposes that the lilies 
are collapsed lava, tubes which formed originally in the mare basalt 
flows. This argument is based on terrestrial analogues and calcula- 
tions which show the dimensions of the roof span possible under lunar 
gravity. The lara tube hypothesis is supported by Murrey (I97I) in 
an article which conroarss lunar and terrestrial forms, Gruikshank 
and Wood (1972)^ conraare the lunar rilles with Havraiian volcanic 
features and conclude that the lava tube origin is likely. Greeley 
(1971)^ compares feattires in the Marius Hills of the moon ^^rith 
terrestrial foimis and concludes that these specific rilles are collap— 
sed lava tubes, Hathffijay and Herring (1970)^ have completed a 
detailed geomoiphic stuc^ of lava tubes in Hew Mexico specifically 
for con^arison Tfith lunar rilles , They have reported the basic 
characteristics of the lava tubes, but are unwilling to assign a lava 


\>berbeck, V, R,, Quaide, W. L, and Greel^, R. (I 969 ) On "the 
origin of lunar sinuous rilles; Modem Geology, Vol, 1, p, 75. 

2 . 

Murr^, cJ, B. (l97l) Sinuous rilles: in Geology and Physics of 

the Moon , Fielder, G, , ed. , Elsevier, New Tork, p. 27 . 

^Gruikshank, D. P, and Wood, G. A. (1972) Lunar rilles and Hawaiian 
volcanic features; possible analogues; Moon, Vbl. 3, p, 412, 

■^reeley, R. (19?1) Lava tubes and channels in the lunar Marius 
Hills; Moon, ¥ol. 3, p. 289. 

^Hatheway, A, W, and Herring, A, E, (197O) Bandera lava tubes of 
New Mexico and lunar implications; C.L.P.L, 152, Vol, 8, p, 299. 
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tube oidgin to the lunar lilies without further iovestigation. Green 
(1969)^ vri-th considerable optimism suggests that uncollapsed laya 
tubes would be suitable lunar shelters. 

Host of the aboY0 authors feel that flow may have alternated 
between the closed lava tubes and open channels depending on the ^-/idth 
of the flow and the thickness of the roof support. Turner (19V3) has 
prepared a model of the eastern segment of Schroeter's Valley and con- 
cluded that the yall^ m^ be an open channel. This stu(^ is based 
on lunar orbiter imagery, I5utch (1972 ) also suggests that flow in 
open channels is a possible origin, and further suggests that the 
direction of flow cannot he established a priori. 

Two additional papers ty Leonard! (1971)^ and by Burke, Brereton 
and Muller (1970)^ have given overall reviews of the problem and have 
concluded that present evidence is insufficient to provide a unique 
solution, if indeed there is a unique origin for all sinuous rilles . 


• ^Green, Jack (I969) Terrestrial analogs: water on the moon, Pre- 

sentation at the SJorth American Rockivell Science Center, Jan. I6 , I969, 

burner, R, (1973) A model of the eastern portion of Schr osteite 
Valley: C.L.P..L., Vol. 10,, Ho. 195, p- SI. 

^Mutch, T. A, (1972) Geology of the Moon , Princeton Hniversity 
Press, Hew Jers^, p. 30I, 

^eonardi, P, (1972) Winding and meandering furrows on the lunar 
surface: Modem Geology, Vol* 3I, p, 151. 

%urke, J, D,, Brereton, R. G. , and Muller, P. M* (1970) Desert 
stream channels resembling lunar sinuous rilles* Nature, Vol, 225, n. 

1234. . ' 
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It has been strongljr suggested Mather (1971)^ that the sinuous rilles 
harre several diverse modes of origin. 

Examination of Hypotheses ; 

The above l^Tpotheses now be assessed xd.th regard to both the 
lunar geologic environment and the geomoi^hic characterization of 
Hadley RiHe presented in chapters four, five and six, 

Water- dependent Igrpotheses , Hypotheses reouii:^^ the presence 
of water appear the least plausabls, Experinental studies (idler and 
Sallisbury, 1969) indicate that water in a vacuum flows across the 
surface rather than flowing in, channels, and produces a huinraochy topo- 
graphy, Anders (1970)^ has shovm analytically that water on the moon 
is incompatible n-jith an accretionary origin. O’Keefe (1969)^ has shown 
that large craters would rapidly be obliterated ty plastic flow if 
large amounts of ice exist at depth within the moon, Gilvarry (1969) 


father, K. F. (I97i) Personal communication. 

2 

Adler, J, S. M,. and Sallisbury, W, (I969) Behavior of water in 
a vacuum: implications for "liinar rivers”: Science, Vol, l64f p- 589* 

^Anders, E. (I970) Water on the moon?: Science, Yol, I69, p- 1309* 

^ ’Keefe, J, A, (1969) Water on the moon and a new non-dimensional 
number: Science, Yol, I63, p. 669. 

^Ibid ,, p, 533, 
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has calculated that open channels containing flovdng water wbuld be 
shallow and wide rather than deep as is the idUe, The most serious 
objection to lunar water is the lack of arg^ evidence of it in lunar 
samples* Ifo hydrated silicates have been fovind in argr of the lunar 
san^iles (Keil, et al . j I970) » Mason and Melson, 1970 and numerous 
studies published in the proceedings of the first, second, third and 

n 

fourth lunar science conferences'^) . In fact , Apollo— I6 samples con- 
tain Lawencite (FeClg) which is highly unstable in a hydrous envir- 
onment (Tcylor, Mao and Bell, 1974)^* Tbe absence of hydrated 
minerals in porphyritic or phaneritic rocks suggests that no water 
was present during crystallization at depth within the moon. 

V/ith specific reference to Hadley Eille, the absence of any asso— 

C 

dated depositional form is imexplained, Ur^’s (1967)''^ unique sugges- 
tion that the riUe was formed totally by ice which has since sublimed 


^eil, K, , et al » (197O) Mineral chemistry of lunar samples: 

Science, Vbl, 167? p. 597* 

Slason, B. and Melson, W, G. (1970) The Lunar Rocks , Wiley, New Yoi-k. 
3 ^ 

Published by Geochimica and Gosmochimica Acta, MIT Press, Cambridge. 

Baylor, L. A, , Mac, H. E, and Bell, P. M, (1974) Identification 
of the hydrated iron oxide mineral akaganeite in Apollo— 16 lunar rocks: 
Geology, Vol. 2, p, 429* 

^Ibid. 
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is a mechanism which shoiold have leifc some morainal fotms. It is dif- 
ficult to see how any water-related mechanism could form a channel 
with a depression at each end. Water provides no explanation for the 
central constriction. Schubert’s (1970)^ i'jpo'l^^sis evidentl7 requires 
an impact crater at one end of the riHe, and no such crater is ob- 
served on Hadley RiHe. Fluvial channels in a terrestrial environment 
appeal* as braided streams if the sinuosity is as low as Hadley Rille’s 
sinuosity (leopold,' i960) but no braided channels are apparent,. It , 
is difficult to explain how such a well established sinuous form as 
the south section of Hadley Bille cculd have had a fluvial origin 
without the formation of numerous meander scars and abandoned channel 
segments. 

Hypotheses dependent on structure . Hypotheses reqvdring a directly 
controlling geologic structure also have serious objections. The 
parallelism of the edges of sinuous rilles throughout a tortuous course 
(ch, 4) evidently eliminates siirole faulting from consideration. The 
intmsion of a sinuous dike is possible only if a yet ondescribed mech- 
anism for sinuous crack formation is (S.scovered, The strongest hypo- 

3 

thesis which requires structural control appears to be Schumm’s. (I969)' 

^bid , 

^eopoid^ L. B, and Wolraan, Hv G, (1957) River channel patterns 1 
braided, meander and straight: U,S,G,S, Prof, Paper 2S2-B, p. 59. 

^Ibid. 
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proposal requiring a fludized regolith. 

This mechanism seems unlikely in the case of Hadley Rille hecause 
of the absence of fractures in the adjacent highlands which line up 
directly vdth rille segments (ch, 4)- The overall discordance of most 
rille segment azimuths xidth regional structures (ch« 5) aiso suggests 
lack of control ty specific under3ying fractures. The partial struc- 
tural alignment of the northern segments of the rille seems best 
eKolained as a diversion of the rille ty topography rather than align- 
ment with a linear vent. The thin mantle of regolith over bedrock 
(ch, 4) does not seem to allow a thick enough fluidized bed tosform a 
rille as deep as is Hadley Bille. The raised edges on Schumm*s (1970) 
experimental models are noticeably absent on Hadley Rille (fig. 4-7) » 
Furthermore, the texfeures of the rocks found near the rille appear to 
be best explained as lava flows rather than pyroclastic debris (ch. 2). 

Ash flow hypothesis . The pyroclastic ash flow hypothesis of 
Cameron (196 4) is similarly out of accord with the petrologic evidence. 
Lavas with the chendstiy of the Hadley Rille rocks have been shown to 
have exceptionally low viscosity (Mur as e and McBim^, 1970)"^ whereas 
nuee ardent e flows are typically vlscbxis compositions , NuSe ardente 

^bid , 

^bid . 

^Murase, T. and McBirn^, A. R. (1970) Viscosity of Limar Lavas: 
Science, Vol, l67j p. 1491. 
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flows are found to conta±a 5 ^ to 65/5 silica (Ollier, 1969)^ whereas 
the lunar 3rocks are typically less than 4 ^ silica. Also, the mechan- 

O 

ics of a nuee ardente flow lasy require an atmosphere (Holmes, I965) . 
The nuee ardente channels depicted by Cameron appear to have a much 
more disperse and distributi-ve aspect than the Hadley Rille channel. 

Lava tube hypothesis . The most widely held hypothesis at present 
appears to be the collapsed lava tube mechanism. Although the general 
character of the rilles and the petrologic evidence seem to favor this 
view, there are as yet important unesplained objections. 

‘ O 

A. Geomorphic objections, i.ccording to Oberbeck (1969)'^, the 

breadth of a lava tube roof arch might reach 500 meters, under extremely 

optimal conditions, and erosion could subsequent 3 y viiden the rille to 

twice that width. However, Hadley Rille displ^s widths considerably 

in excess of 1 km. throughout much of its southern extent (fig, 6-4). 

* 

Furthermore, the estimated rate of erosion calevilated in chapter four 
indicates that 200 meters of additional viidening after roof collapse 
of the lava tube would be an extreme value. Assuming this much erb~ 
Sion, the rille, according to Oberbeck’s roof span calculation, should 
not be more than 700 meters wide. The appearance of the idlle wall at 


Ollier, G, (1969) Yolcanoes, KET Press, Cambridge, 

holmes, A. (I965) Principles of Physical Geology, 2nd ed. , Ronald, 
New York, p. 30G. 

^Ibid. 
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the Apollo->15 laadijig site strongly suggests a sequence of lava flows 
(ch. 4) and the petrology of the Apollo-15 rocks suggests at least fotir 
flov/s (ch. 2)« However, terrestrial lava tubes have a vertical dimen- 
sion entirely ’tri.thin a single flow (Eathewsy and Herring, 1970) * 

Hadley Rille was vertically contained vjithin a single flow, the flow 
must have been at least IfiO meters thick. For comparison, the thickest 
flow in the Columbia Biver basalts is only 120 meters thick and the 
average thickness of these flows is about 10 meters* A thickness of 
400 meters for lunar flows is a clear contradiction to the low vLscos— 
ity of the la-vas (Murase and 1970) , the lower cooling rate 

implied by an enviroment without atmospheric convection or rain and 
the absence of coarse grained rocks which should have foimied at the 
Apollo -15 site due to slow cooling in such a massive flov? (discussion 
of cooling history to follow) . If the entire rille, vertically and 
horizontally is contained within one lava flow, the flow dimensions 
must be about 100 km. 1^ 30 km. fcy AOO meters deep (surface area esti- 

Q 

mated from fig. 4-1 )• Ibis yields a flw; volume of 1200 km.^, a 
tiuly tremendotis outpotOTing, A listing of large terrestrial lava flov 7 s 

O O * 

(Holmes, 1965)"^ lists a 43 km."^ flow as the largest value v/hich suggests 
3 

that the 1200 km, value is far larger than esqjected on earth. 


^bid . 

^bid . 

^Ibid. 
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The appearance o? Hadl^ BilXe is also in discord wibh lava, tube 
morphology. According "fco Hahhe?ray and Herring (1970)^? tabes 
attain a sinaous appearance when diverted by pre-existing topography, 
Hadlcjy Rille displays its most sinuous appearance in the southern sec- 
tion where topographic cortrol is evidently the least. Published maps 

D 

(e, g. , Greel^, 197l)~ indicate that terrestrial rilles have a less 
sinuous appearance than Hadley Rille and lava tube bends appear more 
abrupt than the Hadley Rille curves. Also, lava tubes appear to end 

In a xSistributaiy ^stera or a flow lobe, not a depression. In a 

second article, Greel^ (1971)^ notes that lava tubes occupy topo- 
graphic highs . Using profiles of HadbLey Rille based on Lunar Orbiter 
imagery, he indicates that Hadley Rille is so positioned. The profiles 
drawn for this study (ch, 4) sre in strong disagreement with Greeley’s 
profiles in this respect as are the profiles of VIu, et al , (1972)^. 

The obstruction northwest of the Apollo-15 landing site, interpreted 
as an uncollapsed segment of a lava tube shows no evidence of a cave 


^bid . 

Q 

Greeley, R, (197I) Lava tubes and channels in the lunar Marius 
Hills: Moon, 7ol. 3i p- 302. 

■^Greeley, R. (1971) Lunar Hadley Rille; considerations of its 
origin: Science, Tol, I72, p, 722, 

%a, S, et al , (1972) Photogrammetiy of Apollo-15 photography; in 
Apollo— 15 Preliminary Science Report , If ASA SP-289, p. 25—36, 
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entrance and is adjacent to a region of high fracture density (ch. 5) 
and recent (post-rille) tectonic actiTrity (ch, 4), It thus appears 
unidheTy that this segment of all possible segments is a 15Jcely loca- 
tion for an tincollapsed cavern. 

B, Objections based on cooling history* The strongest objec- 
tion to a lava tube origin appears to this author to be an estimate of 
the cooling history of the flow. In a flow thick enough to contain 
Hadley HiUej tvro possibilities seem to exist for the mode of coolizig. 

1. Radiation from the top of the flovr cools the surface so 
that dense material forms and sinks. This situation results in the 
formation of convection cells in the flow which contually subduct 
large rafts of solidified lava as soon as th^ form, and fresh, hot 
liquid material is brought to the surface. This behavior has been 
observed in lava lakes in Hawaii (Buffleld, 1972) . Under these- con- 
ditions, the lava mass piMbably maintains a fairly uniform temperatTore 
throughout because of the mixing. In absolute nri.niroum time for cooling 
under these conditions can be calculated as follows; 

Assume; ’ ‘ ■ 

a. -That the only heat loss from the lava is radiation to 
the siqy which is at 0°K, , 

Nuffield, W. A. (1972) Kilauea Volcano provides a model for plate 
tectonics; Geotimes, Vol. 17, p. 19. 
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b. That the otily energ 7 released is from simple cooling 
of the liquid and that no phase transformations occur. The energ?" 
released through ciystalliaation would probably increase the cooli ng 
time consider abHy. 

c. The san^le cools from 1650 to 1375 degrees Kelvin. 
These values approximate the crystallization range of lunar basalts 
according to the experiments by Mttrase and McBimey (1970)^* 

d. That convection in the liquid proceeds until the 
basalt is conujletely solid and the melt is a uniform temperature 
during cooling as a result of the convection. If convection ceases, 
then conduction through the flow becomes the dominant cooling process 
which slaws cooling considerably as seen below, 

e. Assume an emissivity of 1.0 or black body radiation. 
This gives a maximum cooling rate. 

Heat radiated from the surface of the flow under these conditions 

2 

is equal toJ (McAdams, 1954) 

Qr =rT\dt 


^bid . 

McAdams (1954) Heat Transmission, McGraw-Hill, New York, p. 59« 
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where s 


Or 

sr 

T 

dt 

A 


Heat radiated (cal) „ 

Boltamaa constant ( ■= 4-^^ x IQ”"^ 
Ten^jeratiare (°K) 

Time increment ( hr . ) 

S\iTAace area of flow 


cal/cra. hr. K) 


The heat lost from, the flow through codling is found 


= ADCpdTp 

where: 


^ s Heat lost 

D = Depth of flow (taken as 400 meters) 

A = Surface area of flow (note that A x D = the flow -rolume) 
dT ss Incremental tenperature change 

C = Specific heat (approximated at 0.35 cal/gm. the Tralue for 
^ quartz at l600°C) 3 

p = Density of liouid (estimated to be 3 


Then, the heat radiated = -heat lost to flow or 
Y^T^Adt^-pADC^dT 
which yields upon rearrangement: 



Integrating between initial and final ten 5 }eratures (T^, and T^ or I 65 OK 
and I 375 K) and starting and ending times (t^ and t^) gives upon re- 
arrangement the elapsed time for cooling between two ten^jeratures: 
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pC D 

lapsed ti»e = At = 


1 
2 . 


Substittrbing -7310.65 to find the cooling time under the stated assnrap- 
tiorts: 


At = 

.35 4 X 10^ cm- 

1 1 


3(4*SS X lO"*^ cal- /cm. 

1375°K 1650°K: 

_ - 


= 465 hours or I 9 days ndjiimum 


2, If the connection process is initially inoperative, or if 

cooling ty radiation increases the -yiscosity of the flow to the extent 

that the raited material no longer is subducted, then a crust will 
’ *1 

form, Murase and McBimey (I 97 O)” feel on intuitive grounds that a 
C37ust accompanied ty a still liquid flow beneath is conducive to the 
formation of la-va tubes. However, let us examine the cooling beha-vior 
of a 400-meter-thicls: flow at a temperature of 150Gp£ (raidwsy in the 
cooling range) fdiich has accumulated a 20-meter-thick crust on its sur- 
face. This crust thickness is only about I /3 of the roof thickness 
postulated by Oberbeck, et al . (I 969 ) ss being necessary for large 
lunar lava tubes. 


Asstmie: 


a, Ho phase transformation as before. 


^bid . 

O 

"Oberbeck, Y. R., Quaide, W» L. and Greeley, R. (I 969 ) On the 
origin of lunar sinuous rilles; Modem Geology, Yol, 1, p. 75 . 
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b. Thab the surface temperattire of the slab is absolute zero. 

This gives a maximutn possible teaperature gradient across the slab 
% 

and the hipest possible value for conducted heat, 

c. The temperature drop is one Kelviii degree and only tenper- 
ature changes in the liquid are considered. 

d. The specific heat of the liquid is 0,35 cal./gin. as 

before. 

e. The heat conductivity of the solid crust is 14«4 cal, /cm. 
br, °K, This value is in accord with experimental values found at high 
temperatures by Murase and McBirney (1970)^. 

f . ITo temperature gradients exist within the material under 
the solid crust, that is, only the thermal resistance of the crust is 
being considered. 


g. The lava sheet is effectively infinite in horizontal dimen- 
sion compared to thickness, thus, only heat conducted out of the surface 
is considered. 


Thens 




A-fe 



^lurase, T. and McBirn^, A. H, (I 970 ) Thermal conductivity of 
lunar and terrestrial igneous rocks in their melting range: Science, 

Tol, 170 , p, 
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Where: 


Q » Conducted heat 
c 

A = Surface area 

K - Thermal condactxvity ^ 

= Tenperature at surface of crust (= 0 K) 

T^ = Tenroerature at base of crust (= 1500° K) 

At = Slapsed time 

d = Thickness of crust (=20 meters) 


As before, the heat loss within the liquid mass is given ty: 


= ADO ATp 

where 


AT s= temperature change within the liquid during time At (taken 
as 1° Kelvin for discussion) 


Setting the heat released to the heat lost; 


-AK 


d 


= ADC ATp 


so that 


At = 


K(V^ 


b) 


DC 


Substituting values to find the time for 

^ _ "-2000 cm, X 4 X 10^ cm» 

14.4 cal./hr. cm.°K (0-1500)°K 

= 3S89 hours/°K = 162 days/°K 


.0 ^ 


a 1 ten^ieratnre lossy we find: 


*35 cal./§n, Og. X 1°E x 3 gm./cm.^ 


X 


Thts, if a AOO-meteiv-thick flow of low "viscosity lava could foim 

at all, it would probabUy have the following cooling histoiyi 

% 

a. In eniptive phase would be coincidental xdLth lateral flow of 
lava until the lava became ponded ty surrounding topograpl^. 

b. The ponded material would develop convection cells and very 
rapid cooling would proceed for several weeks. Convection apparently 
goes on for a year or so at Kilauea (Duffield, 1972)^} the assumptions 
in the preceding analysis probably decrease the calculated time con- 
siderably, 

c. At some point, a solid crust wuld form with increasing 
viscosity of the cooling liquid. Cooling would then be controlled by 
conduction through the crust and would slow drastically. The remaining 
material under the cmist would remain plastic for at least 50 years 
(lOO^K tenroerature drop x year per degree drop) . 

It appears to this author firom personal observations of existing 
Icelandic lava tubes and from the descriptions of other authors 
(oilier, 1969 ^? Greeley, 1971^ j and Hatheway and Herring, 1970^) that 


^bid , 

^bid , 

^Greeley, R, (1971) Observations of actively forming lava tubes and 
associated structures, Hawaii: Modem Geology, Yol, 2, p, 207. 


^athew^, A. W, 
Nevr Mexico and lunar 


and Herring, A, K, (1970) Bandera lava tubes of 
inplications: G„L,P.L, 152, Yol, B, p, 299« 
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lava tube formation is a shoit-term dynamic process which takes place 
in a solidiilying lava czTjst, Both of the above modes of cooling seem 
incompatible vnth lava tube formation. The vertical movements in the 
licraid during convection effectiveHy prohibit continuous lateral mo- 
tion in lava tubes. After the solid crust formed ^ the underlying 
liquid would st^ mobile for years. If ai^y large lava tubes should 
develop early in the histosy of the flow, they must certainly become 
closed by lateral movement of plastic material under the crust. 
Therefore, one is forced to the conclusion that large lava tubes in 
deep flows of ponded lava are unlikely. 

Proposed Origin of Hadl^ Rille i 

What follows appears in the context of this study to be a reasort- 
able explanation for the origin of Hadl^ Rille. It is certainly not 
regarded as the only possible origin, but it is an explanation which 
is consistent i-rith the important observations which have been made in 
this stuoy. 

Fluid flow mechanism . Several lines of evidence point to fluid 
flow as the originating agent, 

1. The parallelism of the channel edges is most easily e;jq 5 lained 
by fluid flow (ch, 4) • 

2, The diversion and change in character cf the rille where it 
encounters topographic obstructions is characteristic of terrestrial 
stream channels ( ch, 4) • 
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3. The meander wave leagth/width ratio is appropriate for a flnid 
channel (ch. 6), 

4* Where channel asyinmetiy occtirs in profile vLew, it is such as 
to suggest cut banks and slip-off slopes { ch* 4) • 

5* The vjidth asymmetiy ;irf.th distance along the channel (rip-saw 
pattern, ch. 6) suggests a lateral flovr. This asynimetry appears some- 
what analogous to the various types of ripple marks produced by trans- 
lation flow. This is not to suggest that the mechanism producing the 
width— length asymmetry is necessarily the same as that pixiducing 
sedimentary structures. 

6, The statistically significant relationship between rille 
width and rille cumrature 2 km. further along the channel suggests 
fluid flow as a possible mechanism to produce this offset (ch. 6). 

Probable fluid . Geologic considerations indicate that lava is 
the fluid, Palus Putredinis is a closed, or nearly closed, basin 
(ch. 2), Therefore, a local source for the mare basalts is indicated. 
The basement structure close to the rille has been shovm (ch. 5) to 
contain fractures which have probably been remobilized by several im- 
pact events, thus many large and deep fractures probably exist. These 
provide likely conduits for the mare basalts. The fracture densilg^ at 
the south end of the rill e (fig. 5-”H) is relatively hi^ which places 
the arcuate depression v-daich terminates the rille in a likely site for 
a volcanic vent. The direction taken by the long dimension of this 
depression falls very close to the Serenetatis circumferential direction 
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(ch. 5) indicating that it may be related to a well developed iractnre. 
There are no evident cross-cutting relationships which divorce the time 
of riHe formation from the emplacement of the mare basalts (ch» 2 and 
ch. 4) so the events can be presumed to be conten^ioraneous . The petro- 
logy of the Apollo-15 rocjcs suggest very fluid lavas rather than pyro- 
clastic materials (ch, 2 and previous discussion in this chapter). 

The apparent absence of water on the moon leaves few fluid alternatives 
to lava. 


Direction of flow . It has been generality assumed ly authors 
favoring a fluid mechanism that the flow direction through Hadley Hille 
was from south to north. There is little topographic evidence to sup- 
port this view. The lunar orbiter camera orientation information is 
usually inadequate to establish relative elevation differences on the 
mare surface because the lunar orbiter maps are estimated to be correct 
only to jh 250 meters at the confidence level. However; the pre- 
mission lunar orbiter-based map (TOPCOMj 1970)^ clearly indicates that 
the rille bottom has a consistent slope to the south and that bottom 
of the rille at the northern extremity is as much as 7 OO meters higher 
than the rille bottom in the south. This difference appears to be 
well outside the error limits of the map. In an attempt to detearraine 
the slope of the channel bottom based on Apollo-15 metric information, 


^ After the completion of this report, the author obtained NASA Lunar Topographic 
Orthophotomap HADLEY, sheet LT041B4, scale 1:250000 based on Apollo 15 metric 
photos, and also NASA Lunar Topophotomaps 41B4S1 APOLLO IS LANDING AREA, 41B4S2 
RIMA HADLEY CENTRAL, and 41B4S3 RIMA'HADLEY SOUTH; scale 1:50000 based on Apollo 
15 metric and pan photos. These maps were prepared by the Defense Mapping 
Agency Topographic Center, Wash. D.C. The magnitude and direction of rille 
channel slope indicated by these maps is in excellent agreement with the 
measurements reported here 
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spot elevations were taken for thissbuc^ on the iS-llA analytical 
plotter. These are plotted on figure 7-1. This information must be 
taken as only an indication of the slope direction and not interpreted 
numerically. To produce a valid numerical value for the slope and to 
confirm this graph, it would be necessary to establish several models 
in the analytical plotter and treat the resultant slope data statis- 
tically. However, this graph, which is the best available information, 
also indicates that the rille bottom has a well defined slope to the 
south . In terras of rille moiphology, this is an entirely reasonable 
view because the widest end of the rille is then the do^mstream end 
in accord x^jith most fluid channels. 

Postulated ojcigin . On this basis, it is postulated that Hadley 
Rille is a channel which has returned lava to the vent from which it 
was originally e^ctruded* In Hawaiian volcanic flovjs, ponded lava back 
flows into the vent from which it initially came at a rate x^hich is 
several times the exfcmsion rate (Holmes, 1965) • If one assximes a 
similar process on the moon, it provides a rational explanation for 
many of the observations which have been made in this stud^; 

1, Material which flowed in the channel has retxmied below the 
lunar sxarface. The puzzling absence of any depositional form at either 

3 

end of the rille representing the 20 km. volume of the rille channel 


xbid. 
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(ch. 6) is thus explained. 

2. The leered deposits displsyed in the rille i-rall represent a 

series of flows (ch. Outpourings probably came successiirely £rom 

the southern fracture and spread out over the laud surface. After each 
eruption, backflow occupied the rille channel and drainage into the 
Tent proceeded. Successive flows ‘plated* successive layers on the 
surface of Palus Putredinis, each layer being tens of meters thick. 

As additional flov^s were deposited, the rille banks became higher and 
the rille became deeper, Bach individual flow was considerably less 

3 

than the 1200 Ion. required by a lava tube hypothesis. An important 
feature of this ntechanisin is that the individual eruptions are rela- 
tively small and represent energy expenditures observed on earth (see 
Volumetric Consideration below) . 

3. The high lava marks (ch, 4 and Swam, et al ., I972) represent 
the maximum level of lava which was ever present. Withdrawal subse- 
quently left the surface at its present elevation. 

4. Underlying the mare basalts adjacent to the Apennine Mountains 
there must be a layer of talus which was shed fl'ora uhe mountains during 
the 500,000,000-year interval betvreen the Imbrium event and mare fill- 
ing (ch. 2). Back flow through the rille could probably erode a channel 


^wann, et al . (19?2) Preliminary geologic investigation of the 
Apollo-15 landing site: Auollo-15 Preliminary Science Reuort, NASA 
SP-289 . ^ ^ 
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into this •unconsolidated material. One might then expect to find pre~ 
mare tains under a thin Teneer of lava in the bottom of the rille. 

Some of the talus msy haire been subsequentiy exposed b7 iinpact garden- 
ing of the rille bottom, and mey now be Trisible as the rounded, half- 
buried boulders noted in chapter four. Down cutting into unconsoli- 
dated material might also explain the 7— shaped profile in the southern 
section of the rille. 

5. Vlith each additional flow, the rille channel would become 
more and more permanent tecause after each eruption, the rille would 
become larger. The larger thermal mass in the rille would make it 
successively less probable that the lava V 70 Uld congeal in the channel 
before the back flow process becaine complete. It is quite inxlikely 
that the rille would change its channel under these conditions to melt 
dom through pre-viously congealed floira. Thus, we see no meander 
scars or cut-offs. Tributaid.es, if they existed at all, would be 
associated with single flow units. They V70uld be obscured by success- 
ive flows and not survive. 

6, The association of the rille VTith the Fresnel Hillle system 
to the north probably occurred because the Hadl^ Bille drained lava 
which originallv filled the pre-existing Fresnel Exile ^stem. Lava 
in the Fresnel Eille system would stay liquid long enou^ for the 
draining to ' take place because the ponded lava in the Fresnel RiHe 
was too thick to cool as rapidly as that on the nearly mare. The de- 
pression at the no3?th end of the rille appears to be a lava pond vihich 
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was drained Ijgr the rille. The presence o? sources of lava such as 
these at the upstream end of the rille mi^t be an ingjortant factor 
in keeping the rille chaiinel open during cooling of the whole flow. 

If so, the association of the srille viith the depression viould be in— 
e“vitable rather than happenstance. 

7* The structural control of the northern section of the lille 
(ch. 5) appears to ha-oe come about because the lava in this location 
was less deep. This could be due to the distance cf this section from 
the vent and/or because of a higher elevation of the pre-mare surface 
at this end. As a result, the rille appears to have been superimposed 
over pre-existing topography. As noted below in the discussion of the 
rille constriction, similar tcpographic control probably occurred 
aroimd the Apollo-15 landing site. The well-defined cut through Hill 
305 v/hich aligns with the rille channel in this segment is a suggestion 
of this control. 

S, Pronounced natural levees would not be expected because 
ponded lava adjacent to the riHe would congeal to maintain a relatively 

ft 

level land surface. This is in accord vri.th the profiles (ch. 4)« 

9. Once established, the rille vrould act as an effective distrib- 
utary system to move lava to and from the vent. Thus, flon-r lobes would 
not be directly associated vriLth the vent. Flow lobes in Paltis Putre- 
dinis are difficult to define at all. 


10. The obscured channel between Hill 305 aud the Fresnel Rille 


222 


may havs deyeloped because the Hadley RiHe chaimel was not adequate 
to drain the last flow from this region before the laya congealed. 
Lara reaching this region would be relatively cool by the time of its 
emplacement because of its distance from the vent to the south, 

H, This iypothesis is attractive from a stratigraphic point 
of view. The overall aspect of the rille indicates that its formation 
was associated ?rith the end of volcanic activity in the Palus Putre- 
dinis region. According to this mechanism, the final volcanic event 
in the region was the vdthdrawal of lava through the rille, 

Volumetric coasideratioi^ . In order for this mechanism to-be 
operative, an adequately large sub-surface chamber must exist vdthout 
roof collapse while the lava is returning. Othen-ri.se, a caldera vrould 
presumably fonr. around the vent, Oberbeck, Quaide and Greeley (1969)^ 
have investigated the roof suppojrt over a lava tube and determined 
the follo’tdng equationi 



vfherej 


1 = Length of span „ „ 

s = Tensil strengbh of rock = 6.9 x 10 ' degrees/cm. • 
* d = Roof thickness 

p =! Mass density of rock 
g = Acceleration of gravity 


^bid. 
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This equation can be used to make an order of magnitude estimate of the 
diameter of magma chamber which could exist unsupported on the moon 
vjithout collapse 4 This calculation should pro-vide a minimum diameter 
because a spherical form with an arched roof is considerably stronger 
than the simple beam for which this engineering equation was developed. 
Table 7“1 shows the resiilts of these calculations. The calculated 
volumes are volumes of spheres with diameters equal to the calculated 
roof spans. 

Table 7-1, Calculated magma chamber sizes. 


Depth to 

Diameter of 

Imolied 

Chamber 

Roof Span 

Yoiume 

(km.) 

(km.) 

(km.^) 

1 

1.4 

1.3 

10 

L.3 

43 . 

50 

9.7 

ISO. 

100 

13.6 

1300. 


These values which are based on an over simplified model and 
which assume no change in material properties viith depth can only sug- 
gest an order of magnitude for the magma chamber size. However, if the 
flow units presently in Palus Putredinis are 30 km. by 100 km. by 30 
meters thick (the first two dimensions seem reasonable from metric 
photograpt^ and the last from the liUe wall stratigraphy) , the total 
volume is 90 km. If four times this volume originally erupted, 3/4 
of it having returned to the magma chamber, the total erupted volume 
vjould be 360 km. . it appears from the above that a chamber to bold 
this volume could exist without collapse at a depth of less than 50 3on. 
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This appears to he a reasonable depth for la-va to originate on earth 
(Holmes, 1965)^» HoweTsr, the higher gravity on the earth would pre- 
sumably cause roof collapse and the formation of a caldera. 

The 360 km,"^ Tolume mentioned aboTe is the approximate volume 
required to form the previously noted high lava marks in Pains Putre- 
dinis . This is eight times the volume of the previously noted large 
Icelandic flow. Approximately the same amount of ener©'’ would be re- 
quired to lift these two flows from equivalent depths in their 
respective gravitational fields, so that from a physical point of 
view, lunar flows this size seem reasonable. 

Morphology of the rille constriction . In the rille channel north- 
west of the Apollo-15 landing site, there is a constriction which is 
an apparent obstacle to lateral flow (ch. 4) « This, therefore, requires 
a detailed examination. This feature has been interpreted by Greeley 
(1971) as an tmcoUapsed poxiion of a lava tube. This inteipretation 
is based upon the appearance of part of the constriction which is 
similar to depressions formed by cave and lava tube roof collapse. Fig- 
ure 7“2 is an interpretive sketch of the construction drawn as an overlay 


holmes, A. (1965) Principles of Physical Geologr , 2nd ed. , Ronald, 
Hew fork, p, 30S, 

2 

Greeley, H, (1971) Lunar Hadley Rille; Considerations of its 
origin; Science, Yol. I72. 
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on rectified pan photograph 15 - 9377 * This illustrates alternative 
possibilities for the appearance of this section. 

The narrowest part of tl^ constriction (fig. 7—2) is not bowl- 
shaped at all, but is seen to gradually t^er over a distance of several 
kilometers until the rille is almost totally closed. A long, narrow 
breach as suggested by this section is an unlikely mode of cavern roof 
collapse. When the cavern 3?oof is intact, the roof structure can be 
approximated as a sirrole beam (Greel^:i 1971) i However, if a small, 
central portion of the roof were to collapse, the remaining structure 
would resemble ti-jo cantilever beams, each projecting tovrard the other 
from opposing walls. ' The maximum bending moment in the cantilever is 
tvjice the moment in the simple beam and the location of the maximum 
moment moves from the center (in the simple beam) to the wall (in the 
cantilever) . This occurs e\Ten though the cantilever length is only 
•I* the length of the original beam. (Fuller and Johnston, 1919 » or 
most textbooks on engineering mechanics). Thus, the cantilever is not 
apt to remain intact. The collapse depressions over lava tubes tend 
to be elliptical in form, and the width of the ellipse is similar to 
the tube width (photo in Murr^, 1971-)^* This fonn minimizes the 


^bid . 

^Fuller, G. S. and Johnston, W. A, (1919) Applied Mechanics , 
?ol, 2, Wiley, New York, p, 122. 

^Ibid. 
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length of cantilerered projections from the wall. The tapered section 
of the constriction (labelled on fig, 7-2) appears in Tiolation of this 
principle. The obwions post-rille faults passing close to this loca- 
tion also make this an inrorobable site for an toicollapsed csvb roof. 

The bowl-shaped appearance of other paarts of the constriction 
conld also resnlt from mechanisms other than collapse, for example: 

1, The minor constriction in the rille wall at the sharp bend 
(fig, 7—2) is caused tsy ejecta from a post-rille crater, Boulder 
trails in the rille are clearly related to this event. 

2, The bowl nearest the Apollo— 15 landing site have occurred 

when the rille was superimposed on the pre-mare surface. The alignment 
of this segment i-jith the Imbrium radial direction and with a lineament 
through Hill 305 suggests control by pre-mare topography. The humps in 
the inlle bottom which form the edges of the bowl are aligned with near- 
by pre-mare hills. Figure 7—3 is a transverse profile at one of the 
huiiros and over one of the hills. If the present slope of the hill is 
extended, it passes less than 100 meters under the rille bottom. This 
suggests that the rille was superinposed on this pre-mare hill (fig. 7-3)* 

Origin of the xille constriction , A possible explanation for this 
constriction is that it results from a secondary lava drain. The drain 
itself is postulated at the intersection of the two post-mare frac- 
tures (fig, 7-2), Reference to the structure density map (fig. 5-10) 
s ugg ests that this location is one of the most highly fractured areas 
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Fig, 7~3, Erofile across the rUle at the constriction indicating possible bedrock control. 
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ia the region and is tht® a likely location for lava conduits. Eamp- 
tions of the volcano, Kilanea Iki, in Hawaii have occurred 30 to LD 
miles from the main caldera, although land movements indicate that 
they are associated with a magma source underlying the caldera (Holmes, 
1965 )^. Considering the low lunar gravity, and the lovr thermal con- 
ductivity of lunar rods, it seems reasonable that the conduit to a 
secondary vent could remain open for reverse flow black to the main 
magma chamber, The rille channel downstream from the drain would 
carry a diminished flow resulting in an altered channel geometry. 

The depth and shape of the channel downstream from the drain would be 
controlled by the pre-mare topographic surface, which is evidently 
not far below the lava surface. The shallow depth of lava here is 
indicated by the structural alignment of the rille (ch. 5). Figure 
7—4 is a longitudinal profile along the rille through the constric- 
tion, The slope of the channel toward the south end of the riHe is 
in accord with fluid flow to the south toward the main vent. Figure 
7—5 is a profile through the supposed drain and indicates its shape. 
The profile lines are indicated on figure 7-2 and on figure 4-5. 

Terrestrial— lunar comparison . The geologic evidence suggests 
that Hadley Rille is a fluid flow channel resulting from the flow of 
lava. It is postulated that the flow occurred as a back flow into the 
vent which originally extruded the flow. Because similar large back 


^Ibid. 
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J' flow charnels are not generally recogniaed on eaith, it is necessaiy 

to discuss dissindlarities between the two envifonments , There are 
several factors which inhibit the formation of such channels in 
• * the terrestrial environment: 

1. A large; flat region is required for such a channel to develop* 

Most present day terrestrial lava flows occur on the continental mar- 
gins in mountainous regiojis. This effectively prevent rille forma- 
tion. I 

2. The vent must be at or belov; the same elevation as the flow 

surface. Most such vents on earth are under water. Visible terrestrial 
volcanoes have a raised vent area. This can be explained by the high ' 

viscosity of terras tidal lavas compared to lunar lavas, 

3, Calderas and other collapse features which are apt to divert 
the flow are common in the terrestrial gravitational field, 

4, Cooling of teirestrial lavas ia faster because of atmospheric 
convection and rainfall. Cooling of undervrater eruptions is probably 
so rapid that back flow is negligible. 

5, Erosion of pre-existing lava flows between eruptions may 

disect the surface enough to interrupt the back flow surface, 

♦ 

6. In the Ixmar environment,- lavas have the same inertia as 
terrestrial lavas, but have only l/lO the viscosity and are subjected 
to only l/6 the gravitation force. It is not presently clear what 

. i 


eiXect this has on the mechanics of channel formation, 


A fevr observations are left unexplained by this postnlsted mechan- 
ism for riUe formation. The direct linear correlation between width 
and depth of the rille (ch. 6) is tmexpected in a terrestrial fluid 
flow channel (Howard, Head, and Swann, 1972) There is no clear ex- 
planation for the apparent relationship between vri.dth and azimuth in 
ssyeral short sections of the rille (ch. 6). 

Other lunar rilles . This study has concerned only Hadley Eille. 

The conclusion here should not be applied to other rilles without 
careful consideration. However, two points need to be made: 

1. Silles on the Aristarchus Plateau (vexiy evident on photograph 
Lunar Orbiter Y-18®) evidently do^mcut through pre-mare material. 

Back flow of lava fax>m a large lava lake could superinpose a rille on 
highland material. As the lake level dropped, the channel would search 
for a gap in the terrain through v/hich to ilow. Unconsolidated material 
would pxrobably be eroded, deepening the vall^ somewhat. 

2, The inner rille in Scbroeter’s Valley (Lunar Orbiter ISOH^ and 
157H^) cross-cuts the outer rille. ThiLs is easily explained if the 
inner rill e was formed ly back flovdng lava which originated in Oceanus 
Procellarum. 

toward, E, A. , Head, J. W, and Swann, G. A, (1972) Geology of 
Hadley Rille i Preljnri.naiy Report , U.S.G.S. Interagency Repoxt Wo, ijl. 
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A number of general questions have been raised by this stuc^ which 
deserve further- attention, 

1, It wotild be desirable to study the measurable geomoirphic 
characteristics which define the direction of flov^ in fluid flow 
channels. A possible example is the asymmetric vddth-length curve dis- 
cussed in chapter six. Knowledge of such relationships v;ould be of 
considerable value in interpreting extra-terrestrial forms and vjould 
provide an independent check on photogrammetric deteiminations of 
equi-potential surfaces. A large amount of well planned high 
resolution data vjould be reouired to make such a study definitive, 

2, An investigation of the relationship of channel form to 
fluid density should be made. This could be carried out with organic 
liquids and salt solutions using a stream table. The effect of differ- 
ent factors such as density and viscosity cotild be identified using 
analysis of Tariance if sufficient data vrere available. 

3, Model experiments for extra-terrestrial phenomena appear to 

have limited value because so many parameters are varied at once. 

Hovrever, experiments using ponded liquid parafSn in a container v;ith 

a drain might provide some insight into the mechanics of flovi channel 

formation within a semi-liquid mediiim. A large scale terrestrial 

analogue to this type of floT^ is found in the meanders of the Gulf 

1 

Stream (Leopold ^ ii'olman and Miller, 1964) . 

\.eopold, L. 3., Vfolman, M. G. and Miller, J. P. (1964) Fluvial 
Processes in Geomorphology , Freeman, San Francisco, p. 296 . 
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APPENDIX 1 

derivation op the azimdth equation 

This is a derivation of the equation used in chapter V to compute 
the azimuth from one point on a planetary surface to another. Pigure 
Al -1 defines the vectors used in this proof, and the following notation 
has been adopted: 

P^ - point at which azimuth is desired 
?2 - point to which azimuth is desired 

Lp, L2 - Latitude angles to points P^ and ?2 (negative if south) 

^2 - Longitude angles to points P^|^ and ?2 (negative if west) 
i - unit vector from sphere center to 0 ° long, and lat. 

j - unit vector from sphere center to 90 ° long, and 0 ° lat. 

k - unit vector from sphere center to north pole. 

- Vector from sphere center to point P^ 

V2 “ Vector from sphere center to point P2 
Xp, yj_, z^ - Magnitudes of components of V-j_ along i, j, k 

y 2 » ^2 " Magnitudes of components of V2 along i, j, k 

N - North azimuth vector at point P^ 

A - azimuth vector P^^ tangent to sphere and to great circle 
through P2 

Ej^ - projection of V^|^ on equatorial plane. 

iT - (not shoitm on fig._M-^ intermediate vector perpendicular to 
plane defined by M = V2 x Vjl 

Q - (not shown on fig._Al-^) Intermediate vector perpendicular to 
plane defined by Q — V2 x Vj^ 

r “ planetary radius 



AI-1 

IVE AZIMUTH EQUATION 




Given the latitudes and longitudes of two points on a spherical 


surface, determine the azimuth relative to north from one point 
to the ‘other (?25* 


A. Find x^, and z^; '^^ 2 * Vz* ^2 planetary 

radius (r) and the angles l>x^2 ^^d GjL^2 

By definition 

“ Xj^i + yj^j + z^k 

Ej^, the projection of on the equatorial plane is found: 
e]_ - x^i + yjJ 


^ll =V^1 + 3^ + Zi = r 


eJ = k + y? 


^1 ®1 ■ i = |%|l i I (P^) =|/x| + y^ cos (G^) 

^ • j = ]E;L|lj I cos ( 90 - Gj^) = |e^||J| sin (G^) 


x| + y^ sin (G^) 


h ' \ ^ l^ill ^i| ^ H '^yi ^ ^ 4 ^ yi 


2,2 

ti *v -IT 


1^1 ^1 ~ ^ 


also: 


. k = |\j|^| cos (90 - L^) = k| sin (L^) 

= r sin (Li) = Zi 
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combining results: 

Xji^ “ r cos (6^) cos (L-j^) (eq, 1) 


* r sin (6^) cos (L^^) (eq. 2) 

z “ r sin (Li ) 

1 ^ (eq. 3) 

and similarly 

X 2 “ r cos (G 2 ) cos (L 2 ) (eq. 4) 

y 2 “ r sin (G 2 ) cos (L 2 ) (eq. 5) 

- T sin CL 2 ) (eq. 6) 


These are the familiar equations for transforming spherical to rectang- 
ular coordinates. 

B. Find the north vector N tangent to the sphere at and its 
absolute value [n[ : 

k X = K (H is an intermediate vector perpendicular to fc and V^) 
= F = l^xkxV^ 

Then, by virtue of the vector Identity; 

T X b” x"c = B(A . F) - "cCA . ~B) ■ (eq. 7) 

it is evident that 

N » k(^ ."k) (eq. 8) 

The absolute value of N, |N|j is found by taking the dot product 

|Ff^ = N . N = [k(vj[ . -'V3^(\ . k)I . [k(V^ . \) ."k)] 

or after expanding the expression and collecting terms 
|nP “ (k.kK^.VxXVi.Vj^) - (k.V3L)(Vi.‘E)(Vi.T^) 

This can be simplified because k.k =s 1 and; 

(V^ . k) — Zj^ 


(eq. 9) 
(eq. 10) 
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to the form 



C. Find the vector A tangent to the sphere in the plane of the 
great circle defined hy V-|_ and This is the azimuth vector. Also, 

determine its magnitude, 

"^2 ^ ^1 “ ^ (Q is an intermediate vector perpendicular to and V 2 ) 
V-j^ X Q = A 
so that 

A - X Vj X 

which by the identity (eq. 7) is found to be 

A » C^,^) - "Vi (V 2 .^') (eq. 11) 

The magnitude is found as in part B by taking the dot product A. A 
which gives ; 

lAi^ = CVj^.V2)(V3^.V(Vj^.Vj^) - (y2.\) , 

Because of the relationships of equations 9 and 10 and because; 

^ (eq. 12) 

—2 

the expression for |Al can be simplified to; 

(a 1^= r^ - r^(V2 . 

Furthermore, because; 

T2 , Vi *= Cx;l ^2 ^1^2) 

it follows that 

i At = Vr^ - r^(xj^X2 + y^^y2 + ’ 
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D. Find the cosine of the aziimith angle, the angle between A and "N 
A.. N =|A||n1cos (Azimuth) (eq. 13) 

by substituting equations 8 and 11: 

A.. - v^C'^.Ti)].Ek(Vj^.v^) - v^Cv^.k)] 

= (Vg.ioC^.’^Kv^.v^) - CV3_.k)(V2.v^)(v^.v^) 

- (^2 . V^) (7^ . (Vi. k) + (v^ .Tj^) (v, .7^) (V^ . k) 

which after combining terms becomes: 

A . r= (V2.k)CV^.V^)- - (73_.k)(72.V3^)(\.vp 

Using equations 9,10 and 12, and because V 2 *k = Z 2 » it is found that: 

— — 4 9 

A . N = z^r “ (x 2^X2 + yjL72 + ^1 

but by equation 13: 
cos (Azimuth) = 


which gives; 

- (xj^x^ + ^3^72 + ^±^ 2 ^ 

=cs (A^tauth) - ^ , . )2- 14 — -^ 2 ' 


If the transformation values for x,y,z are substituted (equations 1 to 6 ) 
it is found that: 

r^Tsin (Ln)] - S [sin (Lt)] 

co= (Azimuth) y -4 _ ^4 

where 

S = cos (G^) cos (Lj^) cos (G2) cos (L2) 

+ sin (G^) cos (L^) sin (G^) cos (L2) 


+ sin (L^) sin (L 2 ) 


by combining terns it is found that: 


S » [cos (L^) cos (L2)I [cos (G^ - G2) + sin (L^) sin (L2)] 
and that 

sin (L2) - S sin (Li ) 
cos (Azimuth) = — — — — — 

Vl - cos (Ljj^) 


This appears to be the simplest form of the expression. 
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APPENDIX 2 


DATA AND RESULTS PROM CHAPTER V 


Structure map * The following four pages contain a sum- 


mary of the data which was assembled from the structure map, 
figure 5-2. The column headings have the following meanings 


Structure Number - the code number used on the map, 
figure 5-2 

Structure Type - the following code applies* 


1. Apparent grabens 
2s Edges of mountain blocks 

3. Undifferentiated lineaments 

4. Crater chains 

5. Apparent • volcanic relief features 
o* Small local systems of frac'^tures 

7o The general trend of sinuous rilles 


Azimuth - measured azimuths 

Length - measured length of structure on photograph 


Relative Importance - The following code applies* 

1. Obvious relief feature 

2, Easily seen on mf;tric photos 

3* Can be found on monoscopic photo after search 
4. Only evident in stereoscopic model 


A discription of the second and third tables in this 
appendix is found preceding the tables. 


243 


-DATA CONCERNING STRUCTURES SURROUNDING HADLEY RILLE- 


STRUCTURE 

STRUCTURE 

AZIMUTH 

LENGTH 

RELATIVE 

NUMBER 

TYPE 

(Deerees from North) 

(mm. on ohoto) 

IMPORTANCE 

X 

3. .. 

33 

12 

3 


3 

26 

a 

2 

3 

3 

167 

5 

4 

4 

3 

X67 

5 

4 

5 

4 

44 

6 

2 

6 

5 

34 

4 

2 

7 

4 

33 

6 

2 

a 

2 

lie 

73 

2 

9 

1 

69 

26 

1 

10 

1 

42 

43 

1 


4 

169 

15 

2 


I 

32 

35 

1 

13 

1 

123 

5 

2 

14 

3 

91 

7 

3 

15 

1 

51 

9 

2 

16 

3 

32 

12 

4 

17 

3 

50 

32 

4 

13 

4 

68 

15 

3 

19 

4 

145 

4 

2 

20 

3 

19 

15 

2 

21 

3 

42 

19 

2 

^ 22 

3 

123 

13 

2 

23 

2 

19 

19 

2 

24 

2 

65 

3 

3 

25. 

2 

132 

20 

2 

26'- 

2 

32 

2 

2 

27 

2 

160 

3 

2 

23 

2 

162 

3 

2 

29 

2 

153 

7 

2 

3Q 

2 

153 

8 

2 

31 

2 

43 

30 

2 

32 

2 

152 

32 

2 

33 

3 

146 

5 

4 

34 

3 

21 

19 

3 

35 

2 

121 

13 

2 

36 - 

3 

61 

40 

2 

37 

3 

17 

22 

3 

33- 

3 

58 

40 

3 

39 

3 

69 

30 

3 

40 

3 

112 

16 

3 

41 

3 

135 

l7 

4 

42 

2 

, 177 

12 

4 

43 

3 

41 

87 

4 

44 

3 

108 

12 

4 

45 

3 

35 

18 

4 

46 . 

4 

28 

15 

4 

47 

3 

22 

55 

4 

48 

3 

47 

19 

4 

49 

3 

13 

7 

3 

50 

3 

25 

6 ■ 

3 

51 

3 

10 

6 

3 

52 

2 

10 

19 

3 

53 

2 

159 

15 

2 

54 

1 

105 

90 

3 

55 

1 

163 

32 

2 

56 

5 

112 

12 

2 


244 


—DATA CONCERHING STRUCTURES SURROUNDING HADLEY RILLE (cont.) 


STRUCTURE 

STRUCTURE 

AZIMUTH 

LENGTH 

RELATIVE 

NUMBER 

TYPE 

(Deerees from North) 

(mm# on photo) 

IMPORTANCE 

57 

3 

19 

67 

2 

sa 

, % 5 • ■ - 

1^7 

11 ' 

3 

59 

5 

179 

a 

2 

60 

3 

175 

24 

4 

61 

1 

164 

30 

4 

62 

4 

147 

6 

3 

63 

4 

66 

7 

3 

64 

3 

132 

10 

4 

65 

3 

15l 

17 

3 

66 

3 

164 

11 

3 

67 

5 

123 

35* 

2 

6a 

3 

157 

4 

2 

69 

3 

154 

3 

2 

70 

5 

145 

7 

2 

71 

5 

6X 

22 

1 

72 

1 

63 

55 

3 

73 

5 

25 

15 

2 

74 

5 

56 

9 

2 

75 

5 

73 

13 

2 

76 

3 

145 

17 

4 

77 

4 

145 

17 

3 

78 

4 

114 

50 

3 

79 

4 

58 

20 

2 

aa 

3 

60 

57 

3 

ai 

4 

155 

• U 

2 

82 

4 

155 

a 

2 

83 

3 

lAO 

20 

4 

34 

3 

140 

20 

4 

85 

3 

145 

13 

4 -™ 

86 

3 

144 

65 

4 

87 

3 

37 

11 

2 

88 

4 

51 

9 

3 

89 

3 

133 

42 

3 

90 

3 

1 

65 

4 


91 

3 

62 

SI 

2 

92 

3 

153 

21 

2 

93 

2 

114 

13 

1 

94^ 

2 

41 

28 

1 

95 ■ 

2 

30 

11 

1 

96 

3 

139 

8 

3 

; 97 

3 

50 

9 

3 

98 

3 

52 

9 

2 

99 

3 

73 

22 

2 

100 

3 

40 

23 

3 

101 

3 

53 

34 

3 

102 

3 

50 

27 

3 

i ‘ 103 

3 

41 

20 

4 

104 

3 

165 

43 

3 

! 105 

3 

165 

- 19 

3 

106 

3 

34 

9 

2 

) ^ 1D7 ‘ 

2 

93 

37 - 

4 

i loa 

4 

106 

7 

3 

; ^ 109 

3 

132 

22 

3 

110 

3 

141 

5 

3 

111 

3 

136 

3 

4 

112 

3 

145 

a 

3 

1 . 113 

3 

144 

13 

4 
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~DATA 

CONCERNING STRUCTURES SURROUNDING HADLEr RILLE 

(cont,)- 


STRUCTURE 

STRUCTURE 

AZIMUTH 

length 

RELATIVE 

NUMBER 

TYPE 

(Deexees from Noirth) 

(mm- on 

oho to) 

IMPORTANCE 

114 

4 

45 

15 


4 

115 

3 

2 

12 


2 

116 

, % 3 ■ - 

2 

11 


2 

117 

3 

2 

19 


2 

118 

3 

63 

10 


2 

119 

3 

142 

11 


4 

120 

3 

141 

7 


4 

121 

3 

33 

7 


2 

122 

3 

51 

5 


2 

123 

3 

62 

4 


2 

124 

3 

60 

5 


4 

125 

3 

118 

4 


4 

126 

3 

134 

9 


4 

127 

3 

121 

4 


4 

128 

3 

47 

12 


3 

129 

3 

32 

23 


2 

130 

3 

23 

23 


2 

131 

5 

179 

17 


1 

132 

5 

173 

10 


1 

133 

3 

44 

14 


3 

13<k 

3 

175 

22 


2 

135 

3 

176 

U 


2 

136 

5 

84, 

22 


2 

137 

4 

132 

11 


2 

136 

6, 

■ 143 

8 


2 

139 

6 

33 

3 


3 

lAO 

6 

84 

6 


3 

141 

5 

157 

6 


3 

142 

3 

11 

13 


2 

143 

3 

36 

7 


4 

144 

3 

36 

15 


2 

145 

3 

42 

13 


3 

146 

3 

163 

5 


2 

147 

3 

50 

40 


4 

143 

3 

.38 

52 


2 

149 

3 

27 

32 


2 

150 

3 . 

128 

4 


2 

151 

6 

12 

7 


r 

152 

1 

55 

12 


2 

153 

1 

52 

60 


2 

154 

3 

139 

4 


3 

155 

3 

2 

14 


3 

156 

3 

45 

8 


2 

157 

1 

45 

56 


1 

15B 

1 

61 

90 


1 

159 

• 1 

117 

12 


1 

160 

6 

89 

7 


2 

151 

6 

41 

3 


2 

152 

6 

143 

3 


2 

163 

6 

n 

3 


2 

164 

6 

4 

2 


2 

165 

6 

129 

2 


3 

166 

3 

132 

9 


2 

167 

1 

123 

19 


2 

168 

1 

130 

60 


2 

169 

1 

76 

11 


2 

170 

2 

155 

13 


1 
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— ^DATA CONCERNING STRUCTURES SURROUNDING HADIiEI RILLE (oont.) — 


STRUCTURE 

STRUCTURE 

AZIMUTH 

lENGTH 

RELATITE 

NU?.ffiER 

TYPE 

(Decrees from North) 

(mm. on oho to) 

IMPORTANCE 

171 

3 

1A4 

14 

2 

172 

3 

121 

12 

2 

173 

,, 2 . 

130 

12 

4 

174 

3 

99 

46 

2 

175 

Z 

130 

13 

1 

176 

7 

116 

43 

2 

177 

7 

37 

63 

1 

173 

7 

132 

70 

1 

179 

3 

57 

37 

2 

lec 

Z 

12B 

3 

1 

lai 

g 

144 

a 

* 

3 
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Results of is-fcructure classif ieation •program * The follow- 
ing two tables list the results of the program which classifies 
structures according to which basin related direction the 
structure azimuth most closely approximates. 

The following two pages indicate the following direc- 
tions from the center of each of the structures on fig. 5-2. 

1. Direction radial to the Imbrium Basin 

2. Direction circumferential to the Imbrium* Bas in 

3. Direction radial to the Serenitatis Basin 

’ I 

4. Direction circumferential to the Serenitatis Basin. ■ 

The last two pages are a listing of the differences 

;> 

between these computed basin directions and the actual meas- 
ured structure azimuths. This allows the determination of 
which basin-related direction each lineament most closely 
approximates. This direction is the one which has a minimum 
value for the diference. These values have been underlined 
in each case. The measured structure azimixfrs used to find 
this difference are found in the preceding tabulation. 


15PR0DtJCBILir^ OF THiS 
-^mAL PAGE IS POOE 


OinECTIONS nADIAL AND CIRCUMFERENTIAL TO BASINS FROM STRUCTURE LOCATIONS 


STR* 

IMBRIUM 


SEREKITAMS 

JiSo. 

RADIAL 

GIRGUM. 

RADIAL 

CIHCUM. 

1 

-64«e700 

25, 

1291 

08,7133 

178.7133 

2 

-64,6734 

25, 

3265 

06*5410 

176.5410 

3 

-64,9260 

25. 

0719 

03.6669 

178*0669 

h 

-64,9311 

25, 

0680 

68,0754 

170*8734 

5 

-64,1312 

25, 

8607 

07*8371 

177*8371 

6 

-64,0639 

25, 

9360 

07*7057 

177,7057 

7 

-64,0230 

25* 

9769 

87.7438 

177*7436 

a 

-63*9546 

26* 

04 53 

67*7901 

177.7901 

9 

-63*8434 

26, 

1565 

87*6927 

177*6927 

IQ 

-64,3202 

25* 

6797 

08*3317 

176*3317 

u 

-64,5176 

25, 

4023 

60*6047 

Ti0,6O4V 

12 

-63,6504 

26, 

3495 

87,4536 

177,4536 

13 

-64,1646 

25* 

6353 

38.1476 

178.1470 

14 

-64,0655 

25, 

9344 

08*0102 

170,0102 

15 

-64,1470 

25, 

8529 

68*1440 

170,1449 

16 

-63,8532 

26. 

1467 

07*7504 

177,7504 

17 

-63,2086 

26, 

79U 

06*8555 

176,8505 

10 

-63,6240 

26* 

3759 

67*4253 

177.4253 

19 

-63,5557 

26, 

4442 

87*3399 

177.3399 


-6?. 7085 

27, 

2914 

86,1744 

176,1744 

21 

-62*0890 

27, 

TI09“ 


“i 76*41 by 

Z2 

-62,4790 

27* 

5201 

05*0602 

175,0602 

23 

-62,5132 

27* 

^067 

05*8986 

175.0906 

24 

-62,4260 

27* 

5731 

05,7995 

175*7995 

25 

-62,2060 

27* 

7939 

05.4961 

175*4961 

26 

-62,1270 

27* 

0729 

05.3830 

175.3030 

27 

-62*0219 

27, 

9760 

05*2237 

175,2237 

ZB 

-62,7036 

27t 

2163 

66*2702 

176,2702 

29 

-63*1343 

26, 

0636 

06.7596 

176*7590 

30 

-63,2342 

26, 

7657 

66,9006 

176*9000. 

31 

-63,3128 

26* 

'6FTr* 

87*0146 

177.0140' 

32 

-62.4017 

27, 

5902 

05,7027 

175*7027 

33 

-62,5248 

27, 

4751 

65*0061 

175*8061 

34 

-63*1532 

26, 

0467 

06.7047 

176.7047 

35 

-63,5452 

26* 

4547 

07.3561 

177*3561 

36 

-64,1138 

25, 

8661 

ea.2177 

170*2177 

37 

-62,7121 

27, 

2870 

06,1303 

176*1303 

3fi 

-62,6986 

27, 

3013 

56,1144 

176*1144 

29 

-62*3942 

27* 

6057 

05*6340 

175*6340 

40 

-63,3516 

26, 

6433 

07,0766 

177.0766 

XT 

-'63,1273 


0726 

“06*7329 

“17577319' 

42 

-63*6735 

26* 

3264 

07,5616 

177*5616 

43 

-62,3426 

27* 

6573 

05,5343 

175*5343 

44 

-63,0307 

26 , 

9692 

06.5662 

176,5062 

45 

-61,5401 

2B* 

4590 

04,3190 

174.3190 

46 

-63>5406 

26, 

4513 

87*3750 

177. 3750 

47 

-60,9711 

29, 

0288 

63,4097 

173*4097 

43 

-63,1334 

26* 

6665 

06*7210 

176*7210 

49 

-64,9025 

25* 

0974 

09,5419 

179*5419 

50 

-64*3560 

25* 

6431 

00,6030 

170*6030 

51 

-64.6046 

is* 

3953 

A9.1035' 

“I79.i0d5 

52 

-64,6212 

25* 

3767 

09.1497 

179.1497 

53 

-64.7565 

25, 

2434 

09*3805 

179.3005 

54 

-64,1116 

25* 

0B83 

68,3095 

170.3095 

55 

-63,9978 

26. 

0021 

88*1405 

170*1405 

56 

-63,4272 

26, 

5727 

B7.1074 

177*1074 


STR. IMBRIUM SERBHITATIS 


NO. 

RADIAL 

CIRCUM. 

RADIAL 

CIRCUH. 

57 

-62*1604 

27,0395 

64*3317 

17A.9317 

50 

-61*6526 

20,3473 

84,0096 

174.0096 

59 

-60,6777 

29,3222 

02,0721 

172.0721 

60 

-63*0191 

26,9006 

66.4995 

176,4995 

61 

-61*7354 

20,2645” 

04,3136 

174*3136' 

62 

-60,0559 

29,9440 

B1.2617 

171.2617 

63 

-60*0307 

29.9692 

61,2608 

171.2600 

64 

-60,3026 

29.6171 

82,0272 

172.0272 

as 

-60*1330 

29*0661 

81.639? 

171,6397 

66 

-60*0957 

29,9042 

01.6352 

171.6352 

67 

-60,1391 

29*8600 

01,0492 

171,8492 

68 

-59*4732 

30.5267 

60,7166 

170*7166 

69 

-59,4525 

30.5474 

80.7167 

170,7167 

70 

-59,3593 

30,6406 

00*6415 

170*6415 

71 

-59,4563 

30,5436 

” 79.97^S 

"TOT777T 

72 

-59,6320 

30.3671 

60*4699 

170,4699 

73 

-59,0731 

30*9260 

79,2443 

169.2443 

74 

-59*0022 

30,9977 

78.9816 

160<;9B16 

75 

-50,7609 

31,2310 

70,5746 

166,5746 

76 

-57,0013 

32,1966 

76.9659 

166,9659 

77 

-50*3666 

31.6313 

70,2316 

160*2316 

70 

-50*7107 

31,2692 

79.3200 

169.3200 

79 

-50*2690 

31,7109 

76,6320 

160,6320 

80 

-57*3162 

32,6637 

77,4779 

167. '.777 

01 

-57.0644 

32.9355 

"^6'i3O 0 2 ■ 

“ 166, 3002 

82 

-56,9507 

33,0412 

76,1570 

166*1570 

83 

-57.1925 

32,0074 

76,9535 

166,9535 

84 

-57.0679 

32,9320 

76,6129 

166.3129 

85 

-50*3614 

31*6185 

79,4640 

169,4640 

66 

-59,0931 

30.9066 

80,7700 

170,7700 

87 

-50*5501 

31*4490 

79,6029 

169,6029 

08 

-59,5650 

30,4349 

31,4916 

171,4916 

89 

-60*4075 

29.5124 

82,7909 

172*7909 

90 

-61.7094 

26,2905 

64,6910 

174*6918 

TT 

"^,1403 

^26,0594 

“63,9033 

T7TT9iff3rr 

92 

-60.7910 

29*2009 

0 3*4136 

173.4130- 

93 

-61.6721 

20,3270 

64,6624 

174.6624 

94 

-61*1120 

20,0879 

03,9236 

173,9238 

95 

-60*1069 

29*0931 

62*5450 

172.5450 

96 

-60*5139 

29,4060 

03*0521 

173.0521 

97 

-60,4578 

29,5421 

02.9320 

172*9320 

90 

-60,0109 

29,9090 

02,3560 

172*3566 

99 

-59*6760 

30*1239 

02,0979 

172,0979 

100 

-59.0395 

30.9604 

01*0351 

171. 0351 

101 

-50.6009 

31*3190 

00,4526 

170*4026 

102 

-50,6151 

31.3040 

80,2747 

170,2747 

103 

-50*5123 

31*4676 

00*0623 

170.0623 

104 

-50*4026 

31,5973 

79,7727 

169.7727 

105 

-57*7682 

32,2317 

70,6710 

160,6710 

106 

-57*7003 

32.2116 

70,5036 

160.5036 

107 

-50,1490 

31*0501 

79*6402 

169,6402 

100 

-60,5641 

29,4350 

03,2944 

173,2944 

109 

-59*2652 

’^0*7347 

61.1921 

171,1921 

110 

-56.7565 

33.2434 

77,9007 

167,9007 

111 

-57*1363 

32,0616 

70*5475 

“160*5475 

112 

-56,9942 

33*0057 

70,1790 

160,1790 

113 

-56,7126 

33*2873 

77*6714 

167,6714 
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DIRECTIONS RADIAL AND CIRCUMFERENTIAL TO BASINS FROM STRUCTURE LOCATIONS 


STR, 


IMBRIUH 


SERENITATIS 


WO, 

RADIAL 

CIRCUM. 

RADIAL 

CIRCUM. 

lu 

•*56*396^ 

33* 6035 

77*6699 

167*6699 

115 

*-56*a7fi5 

33*1234 

76*3596 

166*3596 

116 


33«1414 

76*36.26 

16Bc362d 

U7 

-56*6167 

23*3832 

76*0974 

166.0974 

lia 

-56*9477 

33*0522 

76*5006 

166*5006 

119 

“57*9^62 

32*0537 

79.7201 

169*7201 

120 

-57*78/rO 

32*2159 

79.5156 

169.5156 


rar 

-59* 2965 

30*7694 

81.6113 

171.6113 

122 

-59*2761 

30,7238 

81.6070 

171.6078 

U3 

-59.1352 

30*8647 

01*4644 

171.4644 

12A 

-57*7613 

32.2186 

79.7220 

169.7220 

125 

-5B«3962 

31*6037 

80.5250 

170.5250 

126 

-56.1836 

31*8163 

80*2570 

170,2570 

127 

-56*4662 

31*5337 

80*7144 

170*7144 

126 

-56.5205 

31, <(794 

80.7217 

170,7217 

129 

T^56i3865 


80,4620 

170,4620 

130 

-56*4257 

31*5742 

80*4653 

170.4653 

fir 

-59* 0646'“ 

30*9i53 

81*2840 

171,28 <,6 

132 

-59*0699 

30.9300 

61.2312 

171.2612 

133 

-57*3161 

32*6836 

79,7i»7V 

169*2579 

134 

-57*4889 

32.5110 

79*5890 

169.5890 

135 

-57*2123 

32.7B76 

79.2610 

169.2610 

136 

-56.9375 

33*0624 

78*8658 

160,8658 

137 

-57.0592 

32*9407 

79*1329 

169.1329 

136 

-56.6157 

33*1842 

78*8055 

160,8055 

139 

-56.9494 

33*0505 

79.0029 

169,0029 

140 

-57.0416 

32.9563 

79.1336 

169*1336 

a^i 

-56*79:/8 

33.2021 

“70*8069”“ 

168. a 0^^$ 

142 

-56*0123 

33.9876 

76.0470 

168,0470 

143 

-55.6275 

34*3724 

77,6731 

167,6731 

144 

’^56*0060 

33.9931 

78,1169 

163,1189 

14 5 

-55.7566 

34*2433 

77,9400 

167.9400 

146 

-57.0467 

32.9532 

79i2&53 

169.2633 

147 

-56.6383 

33*1614 

79.1309 

169.1309 

146 

-60*5665 

29.4314 

33.3363 

173.3363 

149 

-59.2049 

30.7150 

31*8675 

171.0675 

150 

-58.7445 

31*2554 

31*1596 

171.1596 

151 

-59*9554 

307o44T” 

82*6670 

T72.6670 

152 

-57*9716 

32*0293 

80*4162 

17C.4162 

153 

-56*5040 

33.4959 

78.9520 

168.9528 

154 

-57*5997 

32*4002 

00.0284 

170.0204 

155 

-60*3474 

29*6525 

83,1010 

173,1010 

156 

-60.6673 

29.3126 

33.5066 

173.5366 

157 

-59.2345 

30*7654 

31*8512 

171*8512 

156 

-57.1646 

. 32.0353 

79.7509 

169.7589 

159 

-58*9963 

31*0036 

61*6333 

171.6333 

160 

-60.2764 

29.7215 

83*1400 

173.1400 

161 

-60*3600 

29*6399 

63*2208 

“T^ 3. 2 203" 

U2 

-60*3171 

29*6028 

63,1611 

173.1611 

163 

-60*2248 

29*7751 

83*0376 

173.0376 

164 

-60*2313 

29.7606 

63.0410 

173.0410 

166 

-60.1950 

29*8049 

82*9838 

172.9838 

166 

-59.3275 

30.6724 

02*0216 

172.0216 

167 

-59*7417 

30*2562 

32.6079 

172*6079 

168 

-60,5993 

29.4006 

83.7201 

173*7201 

169 

-61*0505 

28.9494 

84.2267 

174.2267 

170 

-58,6227 

31,3772 

31*2856 

171,2356 


STR* IKDRIUM SERENITATIS 


NO. 

RADIAL 

CIRCUK. 

RADIAL 

CIRCUM. 

171 

-50*9214 

31*0785 

81*7373 

171,7873 

172 

-59*3525 

30,6474 

62*3149 

172*3150 

173 

-58,8194 

31,1805 

61,7890 

171*7690 

174 

-61.0524 

28,9475 

84,2897 

174,2697 

175 

-60,4227 

29.5772 

33,6395 

173*6395 

176 

-59,5910 

30*4089 

82,5351 

172.5351 

177 

-60*8053 

29*1946 

83*5469 

173,5469 

178 

-62*8654 

27.1345 

86.3889 

176*3069 

179 

-50,9461 

31*0538 

81*3663 

171*3663 

lao 

-59,0971 

30*9028 

81,8940 

171 > 8940 _ 

’TSTT 

"-57*0504 

32.141J 

80*1701 

170.1701 
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DiFFEfiEKCES BEIWEEN STHUCTOHE A2IKUMIS AND FOUR BASIN RELATED DinEOTIOHS 
(Minimum differancos which thoroforc Indicate cloBect ralatlonchlp are underlined) 


STR. 

IMBRIUH 

SERENITATIS 

STR. 

IMBRIUH 

SEHEWITATIS 

no. 

RADIAL 

CIRGUH* 

RADIAL 

CIRGUM, 


RADIAL 

cincuH, 

RADIAL 

CIRCUM. 

j 

62<1292 

7*0711 

55,7135 

34.2060 

57 

61.1605 

8.8390 

65*8314 

24*1651 


37.3266 

2. 6735 

60.5420 

29.45S2 

50 

20,6527 

61,3476 

62,9907 

27,0096 

.3 

51.92S0 

36,0723 

70.1331 

11.0672 

59 

59,6700 

30.3223 

03,0723 

6.9280 

4 

51.9312 

36.0691 

76.1245 

11.0750 

60 

50.0194 

31.9009 

80.5008 

1.4995 

5 

71.6636 

16.1309 

43,0369 

46,1626 

61 

45.7352 

44,2643 

79,6864 

10.3139 

6 

al«9361 

3,0642 

53*7050 

36.2145 

62 

27.0560 

62,9443 

65.7378 

24,2617 

7 

B249771 

JxQ222 

54.7439 

35.2564 

63 

53.9693 

36,0310 

15*2605 

’7^77390 

fl 

1.9547 

06,0456 

30,2099 

59.7904 

64 

32*3830 

57.6173 

69*9725 

20.0270 

9 

47.1563 

42,0432 


71.3071 

65 

31,1339 

55,0664 

69,3600 


10 

73*6796 

16,3199 

46.3316 

43*6679 

66 

44*0955 

45,9040 

62,3648 

7.6355 

11 

52.5177 

36,4026 

00.3953 

-ixi&JSSP 

67 

3.1392 

86,0611 

41,1504 

48.6491 

12 

64*3493 

5.6505 

55,453? 

34,5466 

68 

36*4735 

53.5266 

76*2033 

13.7162 

n 

7.164a 

S2<a3SS 

34,0524 

55.1479 

69 

33.4527 

56. 5476 

73t2531 

^ 16,7164 

14 

24.9344 

ASI 06 S 1 

2.9097 

B7.0106 

70 

24.3592 

65*6403 

64,3500 

25.6A15 

15 

64.3525 

25,1470 

37.1452 

52.8551 

71 

59*5430 

30,4565 

10.9773 

71.0222 

16 

04,1469 

Atmb 

$5.7586 

34,2417 

72 

57*3673 

32*6330 

17.4696 

72*5299 

17 

66.7910 

23*2005 

36.B50B 

53.1415 

73 

04.0733 

5,9270 

54*2444 

35.7559 

16 

4a.37Se 

41,6237 

19.4251 

70.5744 

74 

62.9930 

27.0023 

20.9814 

69*0101 

19 

26.5553 

61,4445 

57,6602 

32,3401 

75 

48,2309 

41,7686 

5,3747 

84*4256 

20 

01*7007 

0,2^ 

67,1741 

22.0254 

76 

22,0012 

67,1903 

68,0337 

21,9658 

21 

75,110a 

I4,aaa7 

44,4167 

45.5B08 

77 

23,3666 

66.6309 

66*7600 

23,2115 

22 

10.4E01 

79.5202 

42.1394 

47.0601 

78 

7.20^ 

62.7109 

34,6722 

55,3261 

23 

61.5133 

0.4370 

66,0963 

23.1012 

79 

63.7113 

26,2090 


69.3676 

24 

52.5732 

37,4271 

2pt7g94 

69.2001 

00 

62. 6040 

27,3163 

17.4776 

72.5219 

25 

14, 2056 

75.7939 

46,5036 

43,4959 

01 

32,0646 

57*9357 

70*6917 

.11^3.086 

26 

65.0732 

4,1271 

53.3030 

36,6173 

02 

31*9509 

58*0414 

70,8430 

11 >11^ 

27 

42.0217 

47,9776 

7a. 7761 


03 

17,1923 

72,8072 

63*0463 

26*9535 

2fi 

44,7034 

45,2161 

75.7216 

14.2779 

84 

17*0676 

72,93X9 

53flS73 

26*8130 

29 

36*1347 

53.6656 

66,2390 

23*7597 

05 

26,3014 

63,6169 

68,5346 

21,4647 

30 

36,2345 

53.7657 

&6.O907 

23,9000 

06 

23.09.30 

66. y06S 

63,2223 

26.7700 

31 

73.6870 

16.3125 

44,0X46 

45.9049 

07 

84,4501 

5.5502 

42,6826 

47.3169 

32 

34,4020 

55.5903 

66*2960 

23.7027 

08 

69.4347 

20i5jt4fl 

30*4917 

59.5086 

33 

23,5249 

61*4754 

60.1140 

29.6863 

09 

13.4871 

76,5124 

50^2090 

39*7905 

34 

64,1534 

5.6469 

65,7044 

24.2151 

90 

62.7097 

27.2906 

83,6920 

6,3083 

35 

4.5453 

65.4550 

33*6441 

56,3562 

91 

56,0597 

33*1406 

21.9331 

68,0964 

36 

54.0662 

35,1141 

27.2177 

62.7025 

92 

33,7912 

56.2091 

69.5059 

20*4136 

37 

79.7122 

10.2061 

69,1300 

20.0695 

93 

4.3279 

85*6724 

29*3377 

60.6626 

3a 

59*3015 

30,6980 

20.1144 

61,0659 

94 

77*6879 

12,1124 

42.9235 

47,0760 

29 

40.6056 

41.3939 

16.6337 

73,3650 

95 

09.6935 

0.1060 

52*5450 

37.4553 

,40 

4 ,6404 

65.3519 

24,9233 

65,0762 

96 

19.5137 

70*4050 

55,9479 

34*0524 

41 

16.1271 

71,0724 

40,2669 

41,7326 

97 

69.5419 

20,4576 

32,9323 

57.0680 

42 

60*6730 

29.3265 

89.4387 

0.5616 

90 

67.9867 

22,0108 

30*3570 

59,6433 

43 

76.6573 

13.3422 

44,5341 

45,4654 

99 

47*1238 

42,0757 

9,0982 

60*9021 

44 

6.9695 

^1.0300 

21,4136 

60,5859 

lOQ 

00.9605 

9.0396 

41,oil46 

40.9647 

45 

83,4600 

6.5403 

49,3109 

40.6006 

101 

60*3187 

21*6008 

27.4027 

62,5176 

46 

00.4517 

1 . 54 86 

59.3753 

30.6250 

102 

71*3046 

18,6149 

30.2749 

59,7254 

47 

02.9712 

7.0290 

61*4100 

20.5903 

103 

00,4677 

.$t5.L26 

39.0619 

50,9376 

4S 

69,0663 

2^.1333 

39*7215 

50,2700 

104 

43.4023 

46.5972 

85.2275 

4,772a 

49 

77.9026 

1270977 

76*5410 

13.4577 

105 

42.7600 

47,2315 

06*3284 

3.6719 

SO 

09.3572 

0.6431 

63,6034 

26,3169 

106 

30*2120 

51.7803 

5.4165 

C4,5830 

51 

74.6046 

15719^ 

79.1085 

10.6910 

107 

20*8502 

61.1501 

13.3593 

76.6402 

52 

74,6211 

15,3704 

79.1490 

10.8505 

100 

11.4361 

78*5642 

24.7055 

65*2940 

S3 

43.7563 

46.2432 

69.6192 

2D. 3803 

109 

11.2655 

78,7348 

50,8078 

39*1917. 

54 

10,6366 

79.1117 

16.6901 

73.3094 

no 

17.7563 

72,2432 

63,0915 

26.9008 

55 

46.9977 

43,0016 

74.0594 

15.1401 

111 

13.1379 

76,0616 

57,4526 

32*5477 

56 

4,5729 

aS*4274 

24.8924 

65,1071 

112 

21,9940 

68.0055 

66,0198 

23.1797 






113 

20.7125 

69,2870 

66,3202 

23,6713 


I^SlPBODUCIBILITy OF THl 
OEIGINAL PAGE IS POOB 


DIFFERENCES BETWEEN STRUCTCRE A2IHUTHS AJJD FC'JP BASIN RELATED DIRECTIONS 
CMinlmuro diffaroncas which thoraforo indicate clooest rolationahip are underlined) 


STR, IMBRIUM SEREHITATIS 


NO* 

RADIAL 

CIRCUM. 

RADIAL 

CIRCUM • 

lU 

7Bi6035 

11*3968 

32*6701 

57.3302 

US 

50*5767 

31.1236 

76.3695 

Uii-AOp 

U6 

50*B50a 

31*1416 

76,3625 

xii^m 

U7- 

55*6169 

31*3834 

76,0974 

13*9021 

iia 

55*0523 

34.9480 

10,5009 

79,4994 

119 

19*9661 

70*0535 

62*2801 

27*7202 

120 

1177836 

71.2157 

61.4846 

20.5157 

121 

B2.7096 

7.2907 

43*6110 

46*3805 

122 

69*7236 

20,2759 

30.6079 

59*3924 

123 

5010650 

31*1353 

19,4642 

70*5353 

IZh 

62*2163 

47,7812 

0,2779 

89,7223 

125 

3.603B 

86*3965 

37. <.753 

52,5250 

126 

12«1860 

77,0163 

53*7429 

36*2574 

127 

6*5337 

89*4665 

<>0.2BS1 

49*7144 

125 

7A*<t793 

X5»520a 

33,7220 

56,2783 

129 

89*6138 

0.3065 

48,4619 

41,5376 

uo 

61*^259 

' 8,5744 

57.<i655 

32,5348 

131 

SQi0848 

31*9*155 

C2*2842 

7*7161 

132 

S7.0701 

32*9302 

82*2814 

6,7109 

133 

7B*6636 

11.3165 

35,2502 

54*7421 

13<r 

52.489D 

’T7T5U3 

84,5092 

5,4111 

135 

53*2124 

36*7079 

03,2620 

6:7383 

136 

39*0620 

50.9375 

5,1345 

64*9660 

137 

9.0595 

80*9408 

52:8671 

37*1332 

IBB 

U*8l54 

48,1841 

86*1946 

3.0056 

139 

40*0501 

49,9494 

3*9971 

B6.0031 

lifO 

38*9579 

51,0416 

9.8645 

05.1338 


33*7960 

56,2023 

70.1930 

11*0073 

1^2 

67*0120 

22*9875 

67.0467 

22*9528 

1A3 

as* 3728 

1.6275 

41,6728 

46,3267 

164 

87*9934 

“2*0069 

42,1186 

47,8809 

165 

62*2435 

7.756B 

35,9403 

54*0600 

166 

40*0463 

49,9532 

93*7348 

6*2655 

167 

73*1612 

16*8383 

29*1390 

60.8613 

16B 

81*4316 


45.3361 

44*6634 

169 

86*2852 


54*8676 

35.1327 

150 

6.7447 

83*2556 

46,5402 

43*1593 

151 

71*9552 

18*0443 

70*6668 

19*3327 

152 

57*0284 

32; 971a 

15.4U9 

74,5836 

153 

7l,495fl 

IB*503B 

*^6*9526 

63,0475 

156 

16.5994 

"73:400£ 

58,9710 

31*0265 

155 

62:3477 

27.6526 

81*1012 

8,8991 

156 

74,3125 

15,6070 

38*5862 

51,4133 

157 

75*7653 

14.2342 

36»8515 

53*1488 

ISB 

61,8356 

28/1647 

1B*7507 

71.2400 

159 

4,0038 

85,9965 

35.3669 

54*6334 

160 

30,7216 

59.2707 

5*0601 

84.1402 

161 

78,6400 

Uf.|.6Q3 

4^*2205 

47.7790 

162 

28*3172 

61*6831 

64.8304 

25*1611 

163 

71*2247 

IB, 7749 

72*0374 

17*9621 

166 

64.2317 

25*7686 

79*0410 

10.9593 

165 

9.19S2 

80,8050 

46*0159 

43.9B36 

166 

-Ul3 229 

78*6724 

49*9702 

40.0213 

167 

7,7419 

82.2584 

45*3916 

44.6077 

16a 

10*5997 

79*4006 

46.2796 

43.7199 

169 

42.9491 

47,0504 

0.2270 

01*7733 

170 

33*6229 

56*3774 

73:7142 

16*2853 


STR* IMBRIUM SEREHITATIS 


HO. 

RADIAL 

CIRCUM. 

RADIAL 

CIRCUM. 

in 

22*9213 

67,0782 

62<2130 

27,7873 

172 

^.3525 

69*6478 

36,6046 

Sl,31<>9 

173 

6,019? 

B1.I606 

48,2108 

41,7687 

174 

19*9473 

70,0522 

14.7098 

73.2897 

175 

10.4230 

79,5773 

46*3661 

43*6393 

176 

4*4091 

85*5912 

33*4651 

56.5352 

177 

02,1948 


46*5468 

43.4527 

170 

14*8651 

75*1344 

45,6106 

44,3807 

179 

64*0542 

25*9461 

24*3653 

65*6332 

160 

7.0973 

82,9030 

46.1050 

43,6937 

181 

21.8583 

68*1412 

63.8302 

26.1701 
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APPENDIX 3 

DATA AND RESULTS PROM CHAPTER VI 

Mann com'parator data reduction » The following three 
pages contain a listing of the basic rille parameters obtained 
from the Mann comparator data for each measurement location. 
The measurement locations are specified on figure 6-2. ■ . 

The distance along the rille channel between any two 
measurement locations may be computed by subtracting the cum- 
ulative distance value for the southern-most location from 
the value for the northern-most location* 

The azimuths reported here are the azimuths used for the 
structure -rille comparisons reported in chapter V. The azi- 
muths have arbitrarily been placed in the two eastern quad- 
rants « 

Profile data . The second tabulation in this appendix 
is a listing of the data and calculated values obtain by 
direct measurement from profiles. 

Fourier analysis . The third tabulation in this appendix 
is a listing of the Fourier analysis results for the northern 
and southern rille sections. 



—DETERf 11 NATION OF BASIC 

RILLE PARAMETERS 

FROM MAHK COMPARATOR DATA— 


MEASUREMENT 


DISTANCE 


AEIKUTH 

LOCATION 


BETWEEN 

, CUMULATIVE 

BEFifEEK 

(fic, fi-a> 

■WIDTH 

LOCATIONS 

DISTANCE 

LOCATIONS 

1 

3t22X 

0.000 

0*000 

0*0 

z 

* 2i234 

1*432 

1.432 

134*4 

? 

1*591 

1*023 

2.456 

79.9 

4 

1*692 

0*551 

3.007 

96.8 

5 

1*639 

0*702 

3.709 

54*7 

A 

1*556 

0.964 

4.674 

51*3 

7 

1*350 

.0,797 

5.471 

46.0 

B 

1*343 

0,620 

6.091 

26.9 

9 

1*391 

0*352 

6.444 

24.4 

10 

1*372 

0.405 

6*650 

7.8 

U 

1*380 

0,251 

7.101 

163.3 

12 

1*321 

0.625 

7.727 

154.8 

13 

1*296 

0*872 

Q.599 

177*4 

14 

U237 

1*004 

9.604 

5.0 

15 

li317 

0*293 

9*897 

22*6 

16 

1*136 

0.714 . 

10*611 

20,1 

17 

lc230 

0*768 • 

11*380 

13.5 

18 

1*250 

0*542 

11.923 

37.9 

19 

1*2BB 

0.217 

12.140 

24*8 

20 

1.221 

0.426 . 

12.567 

173*5 

21 


6.40B • 

12.975 

155*1 

22 

1*135 

0*420 

13.396 

163*2 

23 

1*107 

0*379 

13*775 

11,2 

2^ 

1*161 

0,297 

14,073 

49.2 

^5 

1*070 

0*760 r 

14,653 

74.4 

26 

1*037 

0*B97 

15*751 

74,4 

27 

1*033 

0.785 

16,537 

82*2 

28 

1*290 

0.552 

17*090 

69,1 

29 

1*451 

0,454 

17*545 

33*7 

3D 

1*497 

0.315’ 

17*860 

3*9 

3i 

1 , 4^2 


— TBTTST 

mT& 

32 

1*451 

0*644 

18*932 

21.2 

33 

1.41B 

1*190 

20. m 

55*2 

34 

1*423 

1*091 

21*214 

7B,4 

35 

1*435 

0.97B 

22,192 

89. 1 

36 

1*432 

0.504 

22.697 

74*0 

37 

1.Z94 

0.761 

23.458 

49*9 

3B 

1* l87 

0*693 

24,351 

71*0 

39 

1*057 

0*774 

25.125 

71.5 

40 

1«0C2 

0.441 

25.566 

53*4 

41 

liOB5 

0*617 

26.364 

45*5 

42 

1*040 

0*930 

27*315 

31,7 

43 

1*273 

0,575 

27*890 

23,7 

44 

1*236 

0*529 

2B,<t20 

I?3*4 

4S 

1*249 

0.8B4 

29.304 

173*1 

46 

1*003 

5*766 

35*071 

176*3 

47 

1*002 

0.612 

35.683 

19.3 

40 

li077 

0*634 

36.318 

4.6 

49 

1*124 

0*464 

36*783 

13.7 

50 

1*076 

0.414 

37,197 

21*6 

51 

1*053 

5.429 

377brf — 

TFIIT- 

52 

0*963 

I.OOB 

38.715 

61.4 

53 

0»B9O 

0.472 

39*166 

72*2 

54 

1*072 

0.477 

39*665 

79*4 

55 

0.946 

0*587 

40.253 

46,7 

56 

0*841 

0*382 

40*635 

59*7 
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—DETERMINATION OF BASIC RILLE PARAMETERS FROM MANN COMPARATOR DATA (cent.) — 


MEASUREMENT 
LOCATION 
{fiff, fi-2) 
57 
5a 

59 

60 

WIDTH 
' 0»902 

0t900 

’ 0»962 
04972 

DISTANCE 

BETWEEN 

LOCATIONS 

0,462 

0.376 

0,543 

0,561 

CUMULATIVE 

DISTANCE 

41*097 

41,476 

42,025 

42,586 

AZIMUTH 

BETWEEN 

LOCATIONS 

60,7 

63*1 

1X9,3 

110.6 

61 

62 

I73B9 

0,697 

43.464 

72,2'“ 

1«136 

0,381 

43,665 

169*1 

63 

li056 

0.498 

44,364 

156,6 

6A 

1 • 106 

0.601 

45,046 

9.5 

65 

1,239 

0,786 

4b. 634 

12*7 

66 

1*298 

0,750 

46,565 

19*4 

67 

1.366 

0,677 

47.263 

13*0 

6B 

1,286 

0,626 

48,069 

159,2 

69 

1.164 

l«ldO 

49.277 

22*4 

70 

1.092 

1.0<»6 

50.324 

33,3 

71 

72 

0.969 

1,216 

51.541 


1,172 

0,961 

52,502 

97*0 

73 

0.945 

0,999 

53,502 

93.1 

7A 

0,665 

0,743 

54,246 

95,0 

75 

0.633 

0,824 

5»,070 

93. B 

76 

1,054 

0,774 

5b.844 

114,9 

77 

1,259 

1,520 

57.365 

51.7 

78 

1,060 

0,684 

56,050 

179,9 

75 

1.044 

0.365 

56,415 

3,0 

60 

li050 

1,146 

59,562 

54,6 


lil02 

1,146 

60,710 

8 776" 

62 

1,005 

0,762 

61.493 

00,3 

63 

1,344 

0.463 

61*967 

76,6 

64 

1,336 

0.617 

62,574 

24,2 

65 

1,234 

0.404 

* 62,978 

169,3 

6 6 

1,252 

0.701 

63.680 

148,2 

87 

1.322 

0.751 

64,432 

145,2 

66 

1,341 

0.762 

6P.194 

150,0 

09 

1,183 

0,963 

66,158 

167*4 

90 

0.943 

0.826 

66.966 

147,9 

91 

92 

1.016 

17033 

68*021 

146*4“ 

1.205 

1,011 

69.032 

155,7 

93 

1,172 

0,726 

69.759 

122.0 

94 

1,117 

0,949 

70*709 

130*4 

95 

0,912 

0.667 

71,376 

134,8 

96 

1,029 

0,550 

71.927 

127*9 

97 

0,625 

1,128 

73,056 

126,4 

96 

0,660 

0.772 

73,828 

125*5 

99 

1,014 

0.626 

74*453 

113*2 

100 

0,969 

0.571 

7b, 026 

69,4 

iol 

0,928 

0,268 

7b, 295 

74,8“ 

102 

0,686 

0.731 

76.027 

62,0 

103 

0,417 

0,651 

76*678 

58*7 

104 

0,216 

0*072 

77,551 

70, Q 

105 

1,097 

1,157 

76.709 

64*0 

106 

0,863 

0,661 

79,570 

49,2 

107 

1.165 

1,029 

60,600 

55*4 

106 

1,002 

0,668 

81.466 

63,5 

109 

. 0,680 

0*435 

01,904 

96*5 

110 


2,575 

84*479 

117,3 

111 

0,655 

0.^30 

Ob ,209 

14270 

112 

1,007 

0,695 

86.105 

130,8 

113 

0,623 

0,795 

66,900 

120.5 



/ 
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—I^IERMINA^TIOH OF BASIC RILLE PARAMETERS FROM HARR COMPARATOR DATA (cont.)— 


I 

& 


p.g 

o 
c 

|s 

fel 

I , I; 


MEASUREMENT 

I.OCATION 

(fig- g-a) 

WIDTH 

DISTANOE 

BETWEEN 

LOCATIONS 

GUMUUTIVE 

mSTAHCE 

AZIMUTH 

BETWEEN 

LOCATIONS 

138*9 

131*7 

161*6 

168,9 

27*8 

10*6 

137,2 

llh 

115 

116 
117 
iia 

119 

120 

T»96i 

Qi83l 

’XaS9 

0*869 

Oi793 

0*609 

0*592 

0 1 906 
5*336 
0*688 
3*6X3 
0*566 
0*360 
0*617 

87*805 

93.160 

93*829 

97*262 

97.827 

98*195 

98*612 

■ 121 

0*653 

0*650 

99.263 

163.2' 

122 

0«60B 

0*628 

99*691 

179,3 

123 

Oi536 

0*383 

100*075 

31.6 

12A 

0*523 * 

0*516 

100,592 

7*8 

125 

0*649 

0*666 

101*258 

151.2 

126 

0*669 

0.727 

101*985 

126,5 

127 

0*666 

0*657 

102*663 

128,8 

128 

0*716 

6*365 

108,980 

107,2 

129 

o«7oa 

0*636 

109.626 

155,1 

130 

Oi&xa 

1*088 

110*712 

159.7 

131 

0i7l3 

2r7?i6 

111.629 

“ 161,3- 

132 

0*660 

0*937 

112*567 

167,0 

133 

0*816 

1*233 

1X3*801 

166*7 

13A 

0*826 

0*859 

116*660 

36.5 

135 

D*9B7 

0*396 

115*057 

83.0 

136 

0*877 

0*655 

115*512 

10,3 

137 

0*627 

0*500 

116,012 

6,3 

13B 

0*909 

0*656 

1X6*667 

5.6 

139 

0*977 

0*555 

117*222 

0*2 

lAO 

1*031 

0*296 

117,518 

166,5 

lAl 

0*692 

1*863 

Xl9*362 

DT5" 

lAZ 

1*068 

1*307 

* 120,669 

38,5 

1A3 

0*937 

0*655 

121.125 

9*5 

lA/^ 

1*199 

0.952 

122*077 

8,9 

165 

1*355 

0*872 

122*950 

161,6 

146 

0.95ft 

0*963 

123,696 

166,5 

16-7 

0*860 

0*955 

126.369 

117,5 

ub 

1*092 

0*633 

125.683 

166*8 

169 

1*166 

1*282 

126,765 

152,0 

150 

1*761 

1*031 

127*797 

150,1 

151 

2*600 

1.0<tO 

1.2Bifi38 

■ rS5.4 ' 

152 

2*725 

o>es2 

12 9 *720 

125,6 
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This table is a listing of the data which was measured 
directly from profiles. The profiles are found in chapter k. 


CROSS -SECTIONAL AREA 

PROFILE DEPTH . W/D (Planimeter measurement- 

NUMBER (meters) ratio 10^ meters) 



9 Rille obscured by Hadley C ~i 

10 2kl if , 30 16,2 i 
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Results of Fourier Analysist Worth 1/2 of Rille 
This page lists the coefficients for the 
first 35 terms of the Fourier cosine series* 
the power spectrum' and the root power spectrum 
for the south section of Hadley Rille* The 
units are arbitrary values • 

THERE ARE 159 DATA POINTS IN THE DATA DECK 


THE 

X SPACING IS 0*2500000 


L «39t 5000001 X ZERO 

s 0.0000000 


AO : 

= 5*0991037 


ROOT 

N 

COS. COEP. 

PO’-VER SPECTRUM 

POWER SPECTRUM 

1 

-0.SA49922 

0.7140117”' 

0.8449921 

2 

-3*2269043 

10.4129104 

3.2269039 

3 

0.2050915 

0*0420625 

0*2050915 

if 

-0*9696233 

0.9401692 

0.9696232 

5 

1*4446780 , 

2.0870943 

1.4446778 

6 

0.2657320 

0.0706135 

0,2657319 

7 

0*2092352 

0.0438003 

0.2092852 

8 

0.6277210 

0.3940336 

0*6277209 

9 

-0.3822977 • 

0.1461515 

0,3822976 

10 

-0.2258743 

0.0510192 

0,2258743 

11 

-0.2034238 

0.0413812 

0.2034237 

12 

0.1210906 

0.0146629 

0,1210906 

33 

-0*0497057 

0.0024706 

0*0497057 

34 

0*2757021 

0.0760116 

0,2757020 

15 

0*1561999 

0.0243984 

0.1561999 

36 

-0.0360223 

0.0012976 

0,0360223 

17 

0.0303011 

O.OQ091S1 

0.0303011 

18 

-0.1506940 

0.0227086 

0.1506940 

39 

-0*0812460 

0.0066009 

0,0312460 

20 

-0*0987620 

0.0097539 

0.0987619 

21 

0*0753786 

0.0056819 

0.0753786 

22 

0*0787523 

0.0062Q19 

0,0787523 

23 

0*0912511 

0.0083267 

0.0912511 

24 

-0.0245994 

0.0006051 

0,0245994 

25 

0.0296989 

0.0008820 

0.0296989 

26 

-0.0591724 

0.0035013 

0,0591724 

27 

-0.0298900 

0.0008934 

0,0298900 

28 

-0*0294490 

0,0008672 

0*0294490 

29 

-0.0222785 

0.0004963 

0.0222785 

30 

0*0579500 

0.0033582 

0,0579500 

31 

0*0067466 

0.0000455 

0*0067466 

32 

0.0433601 

0,0018801. 

0*0433601 

33 

-0.0258160 

0.0006664 

0,0258160 

34 

0*0058615 

0*0000343 

0.0058615 

35 

-0.0351805 

0,0012376 

0,0351805 
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Results of Fourier Analvsisi South l/2 of Rille 
This paee lists the coefficient for the 
first 35 terms of the Fourier cosine series* 
the power spectrum and the root power spectrum 
for the south section of Hadley rille. The 
units are arbitrary values. 


THERE ARE 153 DATA POINTS IN THE DATA DECK 

' 

THE 

X SPACING IS 

0,2500000 


L - 

38*0000001 X 

ZERO * 0,0000000 

- 

AO 

S 1.053922A 


ROOT 

N 

COS. GOEF. 

POWER SPECTRUM 

POWER SPECTRUM 

1 

-0,3565736 

0,1271483 

0,3565785 

2 

-0,6115021 

0,3739348 

0.6115020 

3 

0,7664060 

0,6184343 

0,7864059 

4 

-0,7050439 

0,4970867 

0.7050437 

5 

-0,7818020 

0,6112142 

0,7815019 

6 

-0,3242842 

0.X051602 

0.3242841 

7 

0.229106S- 

0,0524899 

0,2291068 

8 

0.5789175 

0.3351453 

0,5789173 

9 

-0,5966967 

0,3584376 

0,5986965 

10 

0.3529534 

0,1245761 

0.3529534 

11 

0.1026609 

0.0105433 

0,1026508 

12 

0,0734645 

0.0053970 

0,0734645 

13 

0.1744639 

0,0304376 

0.1744639 

14- 

0.1366625 

0.0136766 

0,1366625 

15 

-0.1311192 

0.0171922 

0,1311191 

16 

0.1462985 

0.0219924 

0.14829S5 

17 

-0.142591-5 

0*0203323 

0.1425915 

1& . 

0.2163260 ■ 

0.0470135 

0.2163259 

19 

-0.0951713 

0*0090575 

0.0951713 

20 

0.2786028 

0.0776195 

0,2786028 

'21 

-0.1130992 

0,0127914 

0.1130992 

22 

0.1291523 

0.0166603 

0.1291523 

23 

-0.09S2401 

0,0096511 

0.0982401 

24- 

-0.0611495 

0.0065852 

. 0.0311495 

25 

-0.0620659 

0,0036521 

0,0620659 

26 

0.0267561 

0,0007158 

0,0267561 

27 

0.019665S 

0.0003875 

0.0196858 

28 

0*0343103 

0,0011771 

0.0343103 

29 ■ 

0*0621966 

0,0038684 

0,0621966 

30 

-0.0055480 

0.0000307 

0.0055480 

3l 

0.0078379 

0,0000614 

0,0078379' 


0.0250842 

0,0006292 

0*0250842 

33 

-0.0484400 

0,0023464 

0,0484400 

34 

0.0386301 

0,0014922 

0.0386301 

35 

0.0459434 

0,0021107 

0,0459434 
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APPENDIX 4 


COMPUTER PROGRAMS 


This appendix is a listing of the important programs which have been 
developed for this study. The programs are described in chapter III, 
Their order in the appendix is: 


1. FORIER 

2. SELECT 

3. SPENCR 

4 . RILLE 


5. 


BASIN 
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—PROGRAM POKIER— 

PAGE 1 
// JOB T 

LOG DRIVE CART SPEC CART AVAIL PHY DRIVE 
0000. 0051 0051 0000 

VZ MIO ACTUAL 3K CONFIG 8K 

// FOR 

♦LIST SOURCE PROGRAM 
♦I0CSICARD»113Z PRINTER) 

-ONE WORD INTEGERS 

REAL L» INCRE 

DIMENSION DATA (^00) • ACOEF (200) > BCOEr ( 200) 

C THIS PROGRAM GENERATES A FOURIER SERIES FROM EQUALLY SPACED DATA* 

C THE INPUT SEGMENT TAKES DATA WHICH IS NOT DISTRIBUTED OVER PLUS 

C PLUS AND MINUS L AND CHANGES THE ORIGIN TO DO SO AFTER COMPUTING 

C L* IT ALSO COUNTS THE DATA TO FIND K. A CARD WITH DATUM GREATER 
C THAN liOOOfOOO. MUST BE PLACED AT THE END Or ThE DECK TO TERMINATE 

C THE INPUT. XZERO IS THE SMALLEST X VALUE* INCRE IS THE VALUE BY 

C WHICH X IS INCREMENTED 

C SIGl INDICATES-THAT A COSINE SERIES IS TO BE COMPUTED. 

READ 12.10) INCRE. XZERO » PLACE » SIGl 

10 FORMAT ( AFiO.O) 

C THIS SEGMENT CHECKS TO SEE IF A MULTIPLICATION FACTOR HAS BEEN 

c Assigned to the input data, and if not. assigns a value of i. 

IF (PLACE ) 800. aoi, aoo 3 

801 PLACE =< 1.0 

aoo continue 

c check p is used below to check X data 

CHE KP XZERO - INCRE 
K “ 0 

DO 19 IL * 1. 200 

READ (2. 12) XCO RD > DATUM 

12 FORMAT ( F16.0. FIO.O . ) 

C THIS CHECKS FOR THE END OF THE DECK . 

IF (DATUM - 1000000. ) 13. 20,' 20 

13 CONTINUE 

C K IS THE NUMBER OF DATA POINTS 

K - K + 1 

C check to assure that each X VALUE AS READ IS ONE INCREMENT FROM THE 

C PRECEEDING X VALUE. THIS CHECKS FOR ERRORS IN THE DIGITIZER OR CAROS IN 

C THE WRONG ORDER. 

CHECK » XCO RD - CHE KP 

IF (ABS ( CHECK - INCRE ) - .00001 J Ifii 17. 17 

17 CONTINUE 

CHE K1 « CHE KP + INCRE 

WRITE (3. 18) K. XCO RD. CHE K1 

18 FORMAT ( ' XCOORDINATES LOUSED UP. DATA CARD' lA * BEADS AN 

XX VALUE OF' F 15.7 » WHICH SHOULD BE' F15.7 ) 

GO TO 52 
16 CONTINUE 

CHE KP « XCO RO 

C THIS CHECKS TO SEE IF NEGATIVE VALUES OF Y ARE EQUAL TO 1.000.000 

C PLUS Y SINCE THE MSC COMPARATOR PRINTS CAROS THIS WAY. 

C IF SO. A CORRECTION IS MADE. 
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IF(0ATUM - loaooo.) 810* aiii ail 
811 DATUM S DATUM - lOOOOOO* 

810 CONTINUE 

DATA Ot) a DATUM * PLACE 
19 CONTINUE 

ao CONTINUE 

. INCRE * INCRE * PLACE 

C JUMP AROUND THIS SEGMENT IF COSINE SERIES IS TO 3E COMPUTED 

IF (SIGl ) 905i90Sf30 

905 CONTINUE 

C IS K EVEN OR ODD IF EVEN > THE LAST DATA POINT IS HENCEFORTH IGNORED 

C SY SUBTRACTING 1 FROM K» AND A MESSAGE IS PRINTED 

N « K/2 
C iS K ODD 

H7WIC » 2 * N 

IF IHTWIC - K ) 30* 22» 22 

22 CONTINUE 

WRITE t 3i 25 J Kt INCRE 

25 format C THERE ARE ' 14 * DATA POINTS IN THE DATA DECKo' /' 

XTHE LAST ONE, HAS BEEN DELETED IN THE ANALYSIS SINCE AN ODD NUMBER 
XIS REQUIRED,*. / * THE X SPACING IS* F10.7 ) 

X -a K - 1 
N « X/2 

GO TO 34 . ■ 

30 CONTINUE 

WRITE (3,27) K» INCRE 

27 FORMAT t ' THERE ARE* 14* DATA POINTS IN THE DATA DECK'/* THE X SPA 
XCING IS* F10,7 J 

34 CONTINUE 

C FIND 2L, THUS L, AND CHANGE XZERO TO MINUS L 
AXMl “ X - I 
TWOL « AXMl » INCRE 
L a TWOL / 2» 

XZERO a - L 

C SXIP THIS SEGMENT IF A COSINE SERIES IS TO BE COMPUTED 

IF (SIGl) 907,907,906 

906 L a TWOL 
XZERO a 0, 

907 'CONTINUE 

WRITE (3,31) L » XZERO 

31 FORMAT (* U *' F10.7 » X ZERO a* pio.7 ) 

C COMPUTE THE FOURIER COEFFICIENTS, 

XMI * X - 1 
SUM a 0, 

DO 40 la 2, XHl 
SUM a SUM + DATA (I) 

40 CONTINUE 

ACO FO a (2. /AXMl ) *UOATA (1) + DATA (K)) / 2, + SUM ) 

WRITE(3,41) ACO FO 

41 FORMAT ( * AO a i F10.7//9X *AN* IBX *BN* 12X 'POWER SPECTRUM* 

X 9X 'ROOT P»S,» ) 

C THIS FORMAT GIVES 4 COLUMNS 20 SPACES WIDE WITH CENTERED HEADINGS 
C THE SAME FORMAT IS USED BELOW, 

PI a 3.1415926 

C THIS SEGMENT GIVES AN APPROPRIATE VALUE TO N IF A COSINE SERIES IS TO 


EESPRODUCmiLm: OF THS 
PAGE IS POOi 
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C BE COMPUTED. 

IF tSUiJ 9E5* 925* 926 
926 N * - 1 

925 CONTINUE . i - 

DO if3 lA » 1* N 
COSUM ■ 0, 

SINSU » 0« . 

REALN » lA ' . 

DO AA I « 2i KMi 

C. GENERATE X VALUES- THIS AVOIDS STORAGE 

B1 =1-1 

XI » XZERO + BI * INCRE 

C FIND COEFFICIENTS AM* BN 

COSUH « COSUM + DATA (U • COS U PI * REALN * XI ) / L ) 

C SKIP THIS segment IF A COSINE SERIES IS TO BE COMPUTED 

IF ISIGI) 935* 935f 936 

935 CONTINUE 

SINSU =SINSU + DATA tU * SIN (( PI * REALN * XI ) / L J 

936 CONTINUE 

A4 CONTINUE 

ACOEFIIAl » (2i/AKMl)*( (OATAU)+DATAlXn*COS{REALN*PI J / 2 , +COSUM1 
BCQEF I lA) » ‘IZ./AKMIJ * SINSU 

POWER » ACOEF UA) ** 2 + BCQEF IIA) ** 2 . ^ 

SORT? » SORT (POWER ■) 

WRITEO.t 49) ACOEF ( lA) ♦ BCOEF UA) i POWER * SQflTP 

49 FORMAT (4(F15.7i 8X1) 

43 CONTINUE 

WRITE (3*51) 

51 FORMAT ( 7X ‘ XVALUE* IIX 'INPUT DATA' ISX'FOURIER APPROX,' 13X 

X 'RESIDUAL' ) 

DO 50 I 1*S 
TOTAL * 0. 

REALI - I - X , . ; 

XI =• XEERO + REALI * INCRE 
DO 45 J « liN 

REALJ » J * • . ■ 

TOTAL » TOTAL + ACOEF (J) * COS (REALJ * PI * XI /L) | 

X + BCOEF(J) * SIN (REALJ * PI » Xl/L ) j 

45 CONTINUE 5 

FX * ACO FO/2.0 + TOTAL | 

D « DATA(I) - FX j 

WRITE (3. 60) XI* DATA (I)* FX* D j 

60 FORMAT (4 ( F15i7. SX)) ] 

50 CONTINUE j 

C DATA FORMAT IS XCOORD* DATUM* 2F15.10 1 

52 CONTINUE J 

CALL EXIT 

END : j 

FEATURES SUPPORTED | 

IOCS ] 
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n JOB T 




LOG DRIVE 

CART SPEC 

CART AVAIL 

PHY DRIVE 

OOOO 

0051 

0051 

0000 


V2 MIO ACTUAL BA CONFIG 8K 


// FOR 

♦IOCS t CARO » 113 2 PRINTER) 

*LIST SOURCE PROGRAM 

DIMENSION I5ELt20)» IDATA (20) > ALENG {200} » AZ(200 ) f FREQ(120) 
C THIS PROGRAM IS TO SELECT CAROS ACCORDING TO CRITERIA SUCH AS 
C length* AZMHTHi curvature* POSITION ETC AND PUNCH A OECH OF THE 
C SELECTED DATA 

GO TO AT 
AS CONTINUE 

PAUSE 

47 CONTINUE 

N a 0 • 

DO 1000 lA » 1* ISO 
1000 FREQ (lA ) « 0. 

READ (2*10) (I-SELCn* I « 1*20) 

READ (2*11) LOWL 

10 FORMAT! 2011 I 

11 FORMAT (13) 

90 CONTINUE 

DO 95 II » 1*20 
95 IDATA (111 » 0 

READ(2*301 IREG* IMB, IPOS* LINE ♦ lOlSCi IHAG* ILENG* lAZ 
30 FORMAT (3ililI3i 211* 213) 

IF (lAZ - 1801 60* 61* 61 

61 lAZ * lAZ - 130 

60 CONTINUE 

IF (ILENG) 900* 900* 901 
901 CONTINUE 

IREG - IREG + 1 * . 

1MB * IMB + 1 
IDATA (IREG) * 1 
IDATA ( IMS + 4) - 1 
IDATA [ IPOS + 1 

IDATA ( IDISC, + 9) 1 

IDATA ( IMAG + 16) « 1 
00 100 J » 1,20 

IF ( ISEL(J) - IDATACJ)) 105*106*106 

105 GO TO 90 

106 CONTINUE 

100 continue 

IF (ILENG- LOWL) 115* 116* 116 

115 GO TO 90 

116 CONTINUE 

FREQ ( lAZ) * FREQ (lAZ) + l« 

N ■ N + 1 
AZ(N) ■ lAZ 
ALENG (N) * ILENG 
GO TO fO 


PAfiE Z 


900 CONTINUE 

WRITE (3f5021 N 

502 FORMAT I » '» 13) 

WRITE {3#50D (AZdlt I « 1»N J 
WRITEtSfSOl) tAtENG(n> X » liN) 

501 FORMAT (12FS.0/) 

WRITEtSs 1070) 

1070 FORMAT ( // 'FREQUENCY DISTRIBUTION'/ 2X ‘N‘» 2X 'FREQ' ) 

00 1050 lA » liiao 
WRITStSf 1055) IA» FREQUA) 

1035 FORMAT I IX » 13 I 2X » F 4iO ) 

. 1050 CONTINUE 
PAUSE 10 
899 CONTINUE 

WRITE {2i500> N 
300 FORMAT (13) 

PAUSE 

WRITE (2»503 ) (FREQ(IZ) » IZ « 1»180 ) 

PAUSE 

WRITE £2tS031 (AZm» I * 1»N ) 

PAUSE 

WRITEC2*503) (ALENGtl)* I » 1»N) 

503 FORMAT (IZFfiiO) 

00 TO AS 

48 CONTINUE 
CALL EXIT 
END 
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•PROGRAM SPENGR— 


// JOB T • . 

LOG DRIVE CART SPEC CART AVAIL PHY DRIVE 
0000 0051 0051 0000 

V2 MIO ACTUAL 3K CONFIG 8K 

// FOR 

■*IOCS(CARD»I132 PRINTER) 

♦LIST SOURCE PROGRAM 
-ONE WORD INTEGERS 

INTEGER GRAPH(J.21)» POINT. PLUS. MINUS# BLANK 
dimension XI220). UC21) .DATA {200) 

DO 5 I = 1.220 
5 Xt I) » 0. 

C THIS PROGRAM COMPUTES A MOVING SUM OR A SMOOTHED CURVE 

C ACCORDING 70 SPENCERS FORMULA 

READ (2.7) SCALE# NDECK 
7 FORMAT (F3.0# 13 ) 

READ (2#9). POINT .PLUS .MINUS. BLANK 

9 FORMAT (AAl) 

C THIS STATEMENT ALLOWS THE PROGRAM TO READ' IN A CUMULATIVE FREQUENCY 

C DIAGRAM directly IF ONE IS AVAILABLE. 2N THIS CASE# SET N » 0 

NODEC =0 ^ ' 

GO TO A002 

4001 PAUSE 

4002 CONTINUE 

READ (2,10) N, IWIOT. ISIGN 

10 FORMAT (213) 

NODEC =< NOOEC + 1 

IF IN , EQ . 0 ) GO TO 20 

WRITE (3. aj iN. I'WIDT . ISIGN 

a FORMAT ( 314 ) • . 

C N IS THE NUMBER OF DATA POINTS. IWlOTH IS THE WIDTH OF THE INTERVAL 

C FOR A MOVING SUM. I WIDTH SHQUUO BE AN EVEN NUMBER. 

C IF IWlOTH IS ZERO, THE PROGRAM COMPUTES SMOCThEO CURvE OROiNATcS 

C IF ISIGN IS POSITIVE. THE PROGP.AM WEIGHTS THE DATA 

C THIS FEATURE IS NOT INCLUDED YET 

IF (ISIGN) 30.30.31 
31 CONTINUE 

30 CONTINUE 

C THIS SEGMENT ACCUMULATES THE NUMBER OF DATA POINTS IN EACH ONE 

C DEGREE INTERVAL INTO AN ARRAY 

READ (2.35) (DATA (I) . I 1#N) 

35 FORMAT (12F6.0) 

DO 20 I = l.N 

C THIS MOVES ALL THE DATA INTO THE EAST TWO QUADRANTS' 

IF (OATA( I J-iaO, J 1700. 1701, 1701 
1701 DATa (I) = DATA (1) - 180. 

1700 CONTINUE 

IDATA » DATA (I) * ZOt 
X( IDATA) = X( IDATA) +1. 

20 CONTINUE 

IF (N » GT- . 0 ) GO TO 1203 

READ (2. 1200 ) (XCI) # I » 20, 199 ) 

EBPR0DUCI3ILITY TWi 
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1200 

1203 

C 

G 


38 

34 

C 

40 

46 


47 

C 

C 


3001 

12 

1100 

1115 

1110 


1120 

1130 


FORMAT (12F6.0 ) 

CONTINUE 

This fills in the Extra slots at each end of the array which are 

NEEDED FOR ThE AVERAGING TECHNIQUES 

00 33 I « 1,19 

X (I + 1991 s X ( I + 19J 

KK - 20-1 

JJ = 200-1 

X t XX) a X ( JJ ) 

CONTINUE 

WRITE <3,34) «xm*I » 1>220 } 

FORMAT (10F3,2) 


CMECX IWIOTH lO SEE IF A SMOOTHED CURVE OR A MOVING SUM IS TO BE COMPUTED 


IF nWlDTl 40»40»50 
CONTINUE 

WRITE (3546) SCALE 

FORMAT ( «1SM00THED DATA ACCORDING TO 
X» MI0‘ 6X 'F(X)' 25X'GRAPH OF FIX) VS 
X »* SCALE factor =' F6.1 / 

X ' POINT* lOX'O* 9X 'IO'SX'20* 8X'30* 
X *70* ax'80» SX '90* 7X *100* 

0043 I a ZOiZOO 
DO 47 J = 1»21 
LL a I - U + 11 
U{J1 » XILL) 

CONTINUE 


SPENCERS FORMULA* // 
INTERVAL MID POINT* 

ex*40* SX *50* 8X *60* ex 

) 


This STATEMENT IS BROXEN INTO TWO PARTS TO LIMIT THE NUMBER OF 

subscripted variables to an acceptable number 

AVEAa 60. * U(U) 

X f 57. ♦ (U(IO) -r Utl2)) + 47. ♦ {U(9) + U{l3)) 

X + 33. » (UC8) -t* U(14)) + IS, » (UC7) 4- UllB)) 

X + 6«* IU16) 4- U(16)) - 2. * tUt5) f U(17)) 

■AVEB = 

X - 5. # {U(4l 4- UClSl) - 5» * {U(3) + U(19)) 

X - 3. * (UC2) 4- U(20)) -1.* (U(l) + U(21J) 

AVE =(AVEA + AVEB) * CI./350.J 
JUMP =1 

CONTINUE ♦ 

ID6G a I - 20 
DO 12 II a 1*121 
GRAPH! ID = BLANX 

IF tU/10) * (10) - I ) lllOj 1100* 1100 

continue 

DO 1115 JJ a 1, 121, 10 
GRAPH tJJ) a POINT 
CONTINUE 
CONTINUE 

IP * SCALE * AVE + 0,5 
SYMB a PLUS 

IF (IP) 1120. 1130, 1130 
SYMB = MINUS 
IP a ABS ( IP) + 2 
GRAPH (IP + 1) a SYMB 

WRITE (3,49) rOEG, AVE, (GRAPH (IX) , IX » 1,101) 

FORMATCIX, 14, 3X » F7,3» IX, lOlAl ) 


49 
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PAQc 3 

GO TO ( 48 » 3000)* JUMP 
48 CONTINUE 

GO TO 200 
50 CONTINUE 

IHWIO a IWIOT/2 

C THIS SEGMENT COMPUTES A MOVING SUM OVER THE INTERVAL IWIDTH 

WRITE (3»99» IHWIO 

9$ FORMAT ( ' MOVING SUM OF DATA POINTS WITHIN PLUS OR MINUS' 13' DEG 
XRScS OF INTERVAL CENTER' // ’ J 

WRITE t3» 300 5 J SCALE 

3003 rORMAT £' MID' 6X 'FIX)' 25X 'GRAPH OF SUM VS INTERVAL MIO POINT' 
X '» SCALE FACTOR =' F6,l / 

X ' POINT' lOX'O' 9X '10'3X'20» 8X'30' 8X'40' 8X '50' 8X '60' 8X 
X '70' 3X'30' £X »90' 7X '100' ) 

JUMP = H 

DO 59 I = 20i 200 
ISLOT * I - IHWIO 
JSLOT =• ISLOT + IWIDT 
SUM =0. 

DO 52 J = ISLOT* JSLOT 
SUM * XtJJ + SUM 
52 CONTINUE 

AVE =* SUM 
3000 CONTINUE 

GO TO 3001 
59 CONTINUE 

200 CONTINUE 

IF tNODEC * LT. NOECK) GO TO 4001 

CALL EXIT 

END 


I 
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—PROGRAM RXDIiB— 

PAGE 1 
// JOB T 

LOG DRIVE CART SPEC CART AVAIL PHY DRIVE 
0000 0051 0051 0000 

VZ Mio ACTUAL 8K CONFIG • 8X 

// FOR 

•LIST SOURCE PROGRAM 
*IOCS(CARD*1132 PRINTER) 

-ONE WORD INTEGERS 
INTEGER N 

DIMENSION XO (A) > X(A) » WKISZ] r DGAZ (152) t D0(15Z] 

C THIS PROGRAM PRODUCES U) DISTANCE-WIDTH RELATIONSHIP DATA. (2) 

C CENTER OF RILLE X-Y COORDINATES^ 13) WEIGHTED AVERAGE WIDTH DATA. 
C TO FIND The weighted AVERAGE WIDTH ALONG ANY REACH IN THE SlLLE* 

C FIND (WT CUMW (END) - WT CUMW (START)) / (DIFFERENCE IN CUMD) 

CUMO » 0. 

CUMW » 0. 

WTCUM ■ 0. 

WOLD « 0. • . 

UPO ■ 0. 

AO » 0. 

DOWNO n 0. 

N ■ 0 

READ (2rA0) ALT. FOCAL* FACTS 
AO FORMAT! 3F 10.5 ) 

FOCAL « FACTR * FOCAL 

SCALE * ALT /' FOCAL 

READ (2,50) (Xom, I « 1»A) 

50 FORMAT t lOX * F6.0 * AX * F6.0 

DO 77 I - 1,A 

IF (XQ(I) - 100000, ) 76* 76* 75 

75 XQ(1) * XO(I) - 1000000. 

76 CONTINUE - ’ ■ 

XO(I) - XOni * SCALE 

77 CONTINUE 
XU) - XOU) 

X(2) * X0(2) 

X(3) ■ X0(3). 

X(AJ » XO(A) 

WRITE (3,1A9 ) FOCAL, ALT, SCALE 
1A9- FORMAT ( • SCALE OF PHOTOGRAPH TAKEN WITH AN' FS.Z • HH LENSE AT 
XAN ALTITUDE OF ' F6.2 • KILOMETERS IS • F10.5// ) 

WRITE (3 150 ) 

150 FORMAT ( ' WIDTH OF RILLE AS FUNCTION OF DISTANCE ALONG CENTER LI 
XNE* // ' N' 5X ‘CUM D£ST' 5X ‘WIDTH* 5X 'CENT X' 6X 'CENT Y' 

XlOX ‘O' * ax. 'AZMUTH ‘* 6X ,'CUMW' * AX ' WT CUM W'SX'UPD'ax 
X 'DOWND' •) 

20 CONTINUE 

N - N + 1 

CENXO » (XOU) <«• X0(3) ) / 2, 

CENYO ■ (X0(2) + XOCA) i / 2m ' 

CENX « (XU) + X{3) ) /Z. . 

CENY « (X(2) + X(A) ) /Zm 



PACE 


2 


0 ■ SORT (< CENXO - CENX) **2 + ICENYO « CENY)**2) 

CUMO « CUMD +0 
DD(N) > D 

W » SORT UX{3) “ X(1)J**2 + (XtAJ - X(2)J **21 
WTW » CW + WOUD) * D / 2# 

WTCUM * WTW + WTCUH 
IF tW-WOUO) 504f 501* 502 
50A UPD « UPD + D 
60 TC 503 

501 AD « AD + 0 
60 TO 502 

502 OOWNO * OOWRO + 0 

503 CONTINUE 
WOLD - W 

WI (NJ « WTW 
WI (N1 * W 
CUHW * CUHW W 

AZ • ATAN (( CENXO - CENX 1 / ICENYO - CENY 11 
DEGAZ » 360. * AZ /(2. * 3-14159 1 

C THIS STEP CHANGES THE AZIMUTH RELATIVE TO PHOTO LCOROINATES TO ONE 
C RELATIVE TO NORTH. THE CONSTANT MUST BE REASSIGNED FOR EACH DECK 
DEGAZ » DEGAZ - 5A.7 
IF (DEGAZ) 360* 3.70*370 

360 DEGAZ » DEGAZ + 180. 

370 CONTINUE 

DvjAZtNJ » DEGAZ 
GO TO 2222 
HZZ3 CONTINUE 
2Z22 CONTINUE 

IF CN. . EQ . 1 ) DEGAZ =■ 0 

WRITE l3t500)NiCUM0*W» CENX* CENY* P* DEGAZ* CUMW* WTCUM * 

X UPD * DOWND 

600 FORMAT (» ' 13. F12.3. F10.3* F12.4* F12.4 *F12.A* F12.2 

X. F12.A-. F12.5 * Flo. 5* F10.5 ) 

xoti) - xm 

X0(2) ■ X(21 
XOO) - 3) 

X0(4) » <^(4) 

READ (2*50) {X(H, 1-1*4 ) 

IF ( X(in 200* 201* 201 
201 CONTINUE 

DO 87 I » 1*4 

lF(Xm - 100000.) 36* 86* 85 

85 X(I) - X(I) - 1000000. 

86 CONTINUE 

X(I) - X(I) * SCALE 

87 CONTINUE 
GO TO 20 

ZOO CONTINUE 

AN - N 

WAVE - CUMW /AN 
WTAVE * WTCUM/CUMb 

Write 0 * 293 ) wave* wtave ' * upd* oowno * ad 

293 FORMAT ( / ' AVERAGE WIDTH FB.4 ' WEIGHTED AVERAGE WIDTH >■ * 
XF8.4 /< WIDTH INCREASES FOR ' F8.4 «KM.* DECREASES FOR ‘ F8»4'KM 


n n 


PASE 3 


X.« pa.4» KM SHOW HO CHANGE. » J 

THESE STATEMENTS MOVE ALL THE DATA IN THE ARRAY UP ONE VALUE 
SINCE THE FIRST VALUE IS ZERO OR MEANINGLESS IN THESE TWO ARRAYS 
DO 2002 i<LM « 1»151 
KLMPl » KLM + I 

DO IKLM ) a 00 IKLMPl ) 

0GA2 (KLMJ « 0GA2 (KLMPl J 
ZOO 2 CONTINUE 

NMl » N - I 
PAUSE 

WRITE (2.301 ) 0GA2 
PAUSE 

WRITE (2.301 ) 00 
301 FORMAT (12F&.2) 

CALL EXIT 
ENO 
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—PROGRAM BASIN- 

PAGE 1 
// JOB T 


U06 DRIVE CART 5PE' CART AVAIL PHY DRIVE 
0000 0051 0051 0000 

V2 MIO ACTUAL 3K CONFIG 8IC 

// FOR 

*I0CSICARD»1132 PRINTER! 

»LIST SOURCE PROGRAM 
♦EXTENDED PRECISION 

REAL LONG If LONGS f LATIf LATS* LONG* LAT 

DIMENSION RADIMdSS)* RADSEtlSS)* CIRIM(1B3J* CIRSE (1S3I* 
XDEL(A)i ID{183)* DELAZ (133*4)* K0UNT(4) 

EQUIVALENCE ( OELAZ( 1 * 1 ) *RADIM( 1 )}* (DELAZ ( 1 *2) f RADSEt 11) * 

X (DELAZ (l«3)i CIRIM(l))* (DELAZ (1*4)* CIRSEU)) 

RAD (0) - ( 0 * 2, ♦ 3.1415927 / 360. ) 

DEG (R) = ( 360. ♦ R / <2. ♦ 3.1415927 ) ) 

READ (2*10) LCNGI* LONGS* LAT I* LAYS* N 
10 FORMAT (4F10.0*I3 ) 

LON6I=RAO(LONG1 ) 

L0N6S*RAD ( L0NQ5T) 

LAT1»RA0(LATI) 

LATS»RAD(LATS) 

DO 100 J = IfN 

READ (2*12 ) ID(J)* LONG* LAT 
12 FORMAT (14* IX* 2F11.0 ) 

LONG=RAO(LONG) 

LAT-RAD(LAT) 

SI =» COS(LAT) * COS(LATI! ♦ C COS (LQNG-LONGI) + SIN(LAT ) * SIN 
X (LATl) ) 

SS - COS (LAT) ♦ COS (LAYS) * ( COS (LONG-LONGS) f SIN (LAY ) * SJN 
X(LATS) ) 

RADIH(J) - (SIN(LATI)-SI»SIN(LAT) )/(COS(LAT) * SQRT(1. -5I»*2 )) 
RADSEtJ) = (SIN(LATS)-SS*SIN(LAT) )/rCOS(LAT) * SQRTd. -SS**21J 
IF (J . GT. 10) GO TO 1715 

WRITE (3*56) LONGifLONGS* LATI »t-ATS*Sl tSS*RADlH( J) *RADSE( JJ 
56 FORMAT ( 8F10.4) 

1715 CONTINUE 

RADIM( J)-=DEG(ACDS(RAOIM( J) )) 

RADS£( J)*DEG.(ACOS(RAOSE( J) n 
IF (J .CT. ID) GO TO 1716 
WRITE (3.55) RADIM(J)* RADSE(J) 

55 FORMAT ( 2 F15.5 ) 

1716 CONTINUE 

IF (LONGI.UT, LONG ) RADIM(J) =■ -l.»RAOrM(J) 

IF (LONGS. Li, LONG) RAOSE(J) * -l.»RAOSE(JJ 
CIRIM(J) » RADIH(J) + 90. 

CIRSE (J) = RADSE (J) + 90. 

100 . CONTINUE 

WRITE (3.26) ( rO( JK) ,RADIM(J K) * CIRIM (JX) * RADSE ( JK) * 

X CIRSE (J< ) * JX » 1»N ) 

26 FORMAT (15* 4F10.4 ) 

DO 110 J * 1,N 
READ (2*14) IDD* AZI 
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14 FORMAT £3X » 13 » 5X » F 3.0 ) 

IF (IDO - . 50.51 . 51 

50 PAUSE 

51 CONTINUE 

del (IJ » A21 - RADIM (JJ 

DEL (2) » A2I - CIRIM (J) 

DEL (3) « A2I - RAOSE (J) 

DEL (4) « A21 - CIRSE (JJ 

DO 60 K > li4 
OEL(KJ»RAO(DEL(K) J 
DELA2(J.K)=ASIN(SlN{DELtia) J 
DELA2{ J . K ) -ACOS ( COS ( DELA2 U . lO I) 

OELA2( J.K)=DEG(DELA2(J.I0 1 
60 CONTINUE 

WRITE 13. 1021 rotJ). {DELA2 £ J.K) .X « 1.4) 

102 FORMAT £15. 4F10.4) 

110 CONTINUE 

DO 112 KK » 1.4 
112 KOUNT £KK1 - 0 

DO 600 J " l.N 
CHECK » 0ELA2 £J.l) 

KONT - 1 - 

DO 610 K » 2.4 

IF IDELA2 (J.K) . GE. CHECK I GO TO 620 
CHECK “ 0ELA2 (J.K) 

KONT - K 
620 CONTINUE 

610 CONTINUE 

KOUNT £K0 NT) ■ KOUNT ( KO NT) + 1 
DO 636 UM » 1.4 
636 DEL (LM) » 0, 

DEL (KONT) * 0ELA2 (J.KONT ) 

WRITE (3.2010) J. £OEL( LLL ). LLL ■ 1.4 ) 

2010 FORMAT (14. 2X . 4 ( F 7.1 . 2X )) 

600 CONTINUE 

WRITE £3.3000) (KOUNT 'KKJ. KK * 1.4 > 

3000 FORMAT (' NUMBER OF IMBRIUM RADIAL LINEAMENTS 14 

X / ' NUMBER OF IMBRIUM CIrCUMFRENT J AL LINEAMENTS *» 14 
X/' NUMBER OF SERENETATIS RADIAL LINEAMENTS »« 14 
X/ ' NUMBER OF SERENETATIS CIRCUMFRENTIAL LINEAMENTS 
CALL EXIT 
END 


14 ) 
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